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 The twenty-first century will see lighting technologies change dramatically. By 
2025, fluorescent and incandescent illumination sources should be replaced by more 
efficient, long-lasting and versatile light sources offering more lumens per dollar, Watt, 
cm
2
, and decreasing the consumption of energy for lighting by 29 %.
1
 The core of such 
solid-state lighting device, illustrated in Fig. 1.1 in its simplest form, is a p-i-n junction, a 
relatively simple multilayered device formed by wide gap semiconductors, that emits 
light when an electric current is passed through it.  
 In the past decades, research in optoelectronics focused on the crystal growth and 







 and II-VI metal oxides.
5
 Despite the successful fabrication of 
a SiC blue light-emitting diode (LED) and considerable research efforts devoted to the 
fabrication of p-type ZnSe and II-VI blue-green lasers, these two semiconductors were 
rapidly outshined by the superior electronic properties and light emission efficiency of 
nitride-based thin-film devices.
6
 While Hall mobilities as high as 200 cm
2
/V·s at 300 K 
were already achieved in undoped GaN/Al2O3,
7
 AlN and GaN low-temperature buffer 
layers were developed to accommodate the large lattice and thermal expansion 
coefficient mismatches between nitride layers and sapphire substrates,
8,9
 resulting in 
improved epilayer mobilities (600 cm
2
/V·s at 300 K). Furthermore, the external quantum 
efficiency of nitride-based dies emitting in the blue was found to surpass that of SiC 
emitters (41% for non-polar InGaN/GaN LEDs vs. 0.03% for SiC LEDs).
2,10
 Equally 
critical to the success of III-V nitrides was the achievement of stable p-type behavior and 
low resistivity (2  ·cm) in GaN layers doped with Mg.
11
 These breakthroughs made 
2 
 




 These devices find applications in high-storage capacity optical recording medias 
(e.g. blue-ray discs). There is also a large potential in lighting and illumination such as 
traffic signals, automobile interior panel lighting, but also high-resolution printers, video 
game consoles, ophtalmics and biophotonics.
13
 In addition to light emitters, ultraviolet 




In parallel with nitrides, oxide semiconductors continue to receive considerable 
attention due to their low cost of fabrication, chemical robustness and high thermal 
conductance.
5
 Transparent conducting oxides such as Sn-doped In2O3 (ITO), Sb-doped 
SnO2 (NESA), F-doped SnO2 and Al-doped ZnO are usually fabricated on transparent 
substrates such as glass or sapphire.
15,16





 cm and are widely used as transparent electrodes in thin film 
transistors, organic light-emitting diodes and solar cells. The lack of transparent p-type 
oxide material has always been a major obstacle to the fabrication of oxide-based p-n 
junctions such as those shown in Fig. 1.1. 
 ZnO is a II-VI transparent conducting oxide touted as a material of choice for 
short-wavelength optoelectronics. Similar to GaN, ZnO has a direct band gap of 3.37 eV 







retaining the ZnO crystallographic structure. As shown in Fig. 1.2, the more tightly 
bound exciton in ZnO (59 meV) compared with other compound semiconductors (30 
meV for GaN) opens the possibility for ZnO-based optical devices to operate well above 
300 K (26 meV). Lasing in optically pumped ZnO has already been demonstrated at 300 
K in high-quality epilayers
20-22





 and nanowire arrays.
25
 Besides its suitable properties for 
optical applications, the attractiveness of ZnO also lies in its breakdown strength (on the 
order of 10-600 kV/cm depending on the varistor geometry),
26
 high saturation velocity 
(310
7
 cm/s for a 250 kV/cm field strength)
27





at 300 K). Furthermore, ZnO shows electron and proton radiation hardness capabilities, 





Finally, despite persisting issues of conductivity control,
30
 group-I impurity self-diffusion 
and surface readiness for homoepitaxial growth,
31
 ZnO single crystals are now 
commercially available with a “crystallinity-to-cost” ratio that strongly depends on the 
manufacturers. 
 ZnO and its ternary alloys have the potential to compete with III-V nitrides for 
optoelectronic applications. However, the fabrication of optical devices still suffers from 
the lack of p-type ZnO. The quest for stable, p-type ZnO is a challenging one because the 
electronic and optical properties of ZnO are very sensitive to minute concentrations of 
dopants, impurities, and to microscopic perturbations of the lattice.
32
 It will be explained 
in chapter 2 that the reasons for the difficulties to dope ZnO p-type come from its 
asymmetric defect chemistry, ionicity, and the complex roles of impurities and crystal 
defects. Various acceptors and doping methods have been tested to achieve p-type 
conductivity. Though doping is known to induce point and extended defects in ZnO, 
there are few studies of the formation mechanisms and characterization of these defects, 
and of their effects on the epilayer macroscopic properties. Yet, the role of crystal defects 
in ZnO is a subject of considerable interest because the realization of good p-type 
conductivity will require an understanding of the interactions between acceptors and 
crystal defects, either native or doping-induced. 
 The objectives of this thesis are: (1) to synthesize stable p-type ZnO epitaxial 
films and achieve conductivity control; (2) to study the electrical and optical properties of 
the ZnO films; (3) to characterize the nature and formation mechanisms of crystal defects 
in order to understand and model the effects of doping on the microstructure and 
optoelectronic properties of p-type films; (4) to explore potential LED structures 
employing the p-type ZnO material developed in the fifth chapter of this thesis. 
 The thesis is outlined as follows: in chapter 2, theoretical considerations related to 
p-type doping of ZnO are presented and the role of defects on the macroscopic properties 
of wide band gap semiconductors such as ZnSe and GaN is surveyed. The crystal 
structure of ZnO and the crystal defects in ZnO are introduced. Chapter 3 deals with the 
experimental section of this thesis. In chapter 4, the microstructure and optoelectronic 
properties of p-type nitrogen-doped ZnO films fabricated by a new process are studied. In 
chapter 5, recent theoretical predictions
33
 of the effect of phosphorus in ZnO are tested 
4 
 
and a model explaining the origin of p-type conductivity in heteroepitaxial and 
homoepitaxial phosphorus-doped ZnO films is proposed. In an effort to address the role 
of the chemical potential of oxygen and improve the luminescence yield of the layers, the 
effects of O2 plasma used during growth on the optical properties of phosphorus-doped 
ZnO is also studied. In chapter 6, the synthesis of ZnO p-n homojunctions using the p-
type material developed in chapter 5 is presented and some issues pertaining to 
electroluminescence are discussed. The main results of this work are summarized in the 





     -dopability 







     -recombination efficiency 
i-layer 
    -undoped (intrinsic) 
    -crystallinity (carrier diffusion length) 
n-type layer 
    -dislocation and strain control 
    -dopant segregation 
    -interface roughness 
buffer layer 
substrate 
Figure 1.1 Schematic illustration of a multilayered p-i-n homojunction structure for 
optical device applications and challenges behind the growth of each layer. 
6 
 
Figure 1.2 The exciton binding energy as a function of the band gap energy for 









2.1 Theoretical considerations for p-type doping 
 2.1.1 Candidate acceptor dopants in ZnO 
Candidate acceptors in ZnO are group-I elements (Li and Na) and group-V 
elements (N, P, As, Sb). Their ionic radii
34
 and size mismatches with host elements are 
listed in Table 2.1. 
 The probability of substitution of a dopant in a lattice can be predicted by 
examining its size mismatch with the host atom, in analogy with the Hume-Rothery rules 
for metals.
35
 Large-size dopants are unlikely to form substitutionals when there is 
appreciable elastic strain energy. NO and LiZn substitutionals are theoretically the best 
candidate acceptor dopants. Other possible acceptor dopants include P, As, Sb and Bi on 
the oxygen site, Na on the zinc site but the size factor is very unfavorable. Note that the 
size mismatch of group-V antisites is relatively small. Besides substitutionals, dopants 
can be incorporated in the ZnO lattice in alternate forms such as complexes, as described 
in section 2.2.2. 
 
 2.1.2 Theory of doping and application to ZnO 
 The future technological importance of ZnO will depend on the ability to dope it 
n-type and p-type. For optical device applications, there is a need to fabricate stable p-






 range. Yet, like in most 











 and other oxides
40
 are strong n-type 
conductors but are difficult to dope p-type. In contrast ZnTe can only be doped p-type.41 
CdTe is the only II-VI compound that can be doped n-type and p-type relatively easily.42 
8 
 
Practically, the challenges are to minimize the effect of compensation, enhance the 
solubility and ionization ratio of a shallow acceptor and minimize the density of defects 
in order to achieve desirable optoelectronic properties of practical use.
43
 In the following 
paragraphs, important concepts such as dopant solubility, dopant activation, self- or 
doping induced compensation, passivation, unintentional doping, lattice instabilities and 
Fermi level pinning are discussed. Their influence on the p-type doping of ZnO is 
explained. 
 Stoichiometric wide gap semiconductors are electrical insulators. Conductivity is 
promoted extrinsically by the incorporation of dopants and impurities.
44
 How the dopant 
incorporates the host determines the level of conductivity that can be achieved. The 
dopability of a semiconductor is usually limited by the dopant solubility.
45
 The dopant 
solubility depends on the formation energy of the defect it forms, which is determined by 
the chemical potentials of the dopant and elements forming the lattice. A low solubility 
may result from the formation of a secondary phase at high doping levels, segregation, 
precipitation or substitution at the wrong lattice site. Doping methods such as co-doping 
and cluster-doping have emerged in the last few years to address the issue of low 
acceptor dopant solubility in ZnO.
46
 Briefly, the intentional introduction of donors and 
acceptors in a specific ratio can enhance the acceptor solubility by minimizing the ionic 
potentials and lowering the Madelung energy (electrostatic energy of an ionic crystal 
given by the sum of pairwise interactions between ions treated as point charges). These 
methods predict that the issue of low acceptor solubility in ZnO can be overcome by 
introducing donors, which will lower both the lattice energy and the acceptor defect 
formation energy. 
 Yet, when the dopant is soluble, it may form a deep level that is not ionizable at 
room temperature. Deep levels increase the film resistivity and are sometimes responsible 
for photo- or hopping conduction.
47
 If the dopant is shallow, the free carriers it produces 
may be compensated by oppositely charged defects or complexes.
48,49 
Or, the shallow 
donor D (resp. acceptor A) may have a metastable geometric configuration and transform 
into a more stable but deeper level. If this happens upon binding with a point defect X, 





 Compensation in II-VI semiconductors has been widely studied and has several 
origins:
48-51
 self-compensation by native defects, compensation by crystal defects induced 
by doping and compensation by extrinsic electron sources such as O-H complexes
65
 or 
unintentional defects such as group-V antisites. 






E o  E(lattice  defects)  E (lattice)  ii
i
  (2.1)  
where 

i is the chemical potential of element 

i  and 

i is positive if the atom is removed 
and negative if it is added to the lattice. For example, Eq. (2.1) predicts different 
evolutions of 
P  as a function of O  depending on whether P2O5 or Zn3P2 is used to 
dope ZnO with phosphorus. 
The energy corresponding to the ionization of the defect to an excited state of charge 





E q  E o +qEF  (2.2)  
where 

EF  is the Fermi level energy. 
For a donor 

D of charge +

q , the activation reaction corresponds to: 
 

DDq  qe  (2.3)  
For an acceptor 

A  of charge –

q , the activation reaction corresponds to: 
 

Aq  qh  A  (2.4)  
In order to dope ZnO p-type, Fermi statistics requires that the energy barrier between the 
Fermi level and the valence band edge be as small as possible.
53
 As the Fermi level 
energy decreases, the formation energy of native donors (

q>0) decreases according to Eq. 
(2.2) and it becomes energetically favorable for the system to spontaneously form native 
donor defects (hole killers) that will annihilate holes created by the acceptor. The same 
reasoning is true with n-type doping. Therefore, there exists a maximum free carrier 
concentration in donor-doped or acceptor-doped ZnO, as a result of the spontaneous 
formation of oppositely charged defects driven by the minimization of the energy barrier 
between the Fermi level and the band edge. The Fermi level energy at which the free 
carrier concentration reaches a maximum is called the pinning energy.  
10 
 
 The doping limit rule does not explain the asymmetry of ZnO or that of other II-
VI compounds. More detailed studies have related the doping asymmetry to the relative 
positions of the pinning energies of the Fermi levels with respect to the band edges. A 
material for which the n-type (resp. p-type) pinning energy is much smaller (resp. larger) 
than the energy of the conduction (resp. valence) band edge cannot be doped n-type (resp. 
p-type).54 Since the position of the Fermi level determines the spontaneous formation of 
compensating defects, there exists a theoretical maximum free carrier concentration. The 
rule is based on the fact that band-edge discontinuities in heterojunctions formed between 
doped semiconductors can be predicted.
55
 In fact, the doping limit rule can be viewed as 
an extension to wide band gap semiconductors of the vacuum pinning rule, which was 
originally established by Walukiewicz for transition-metal-doped semiconductors.
56
 
Figure 2.1 is an illustration of the band structure of ZnO.
54,57
 The pinning energies of the 
Fermi level for n-type and p-type doping are represented by the dashed lines. In ZnO, the 




 was initially predicted to be around 1.5 eV above the valence 
band edge (

EV ), suggesting that ZnO cannot be doped p-type at equilibrium.
54 
However, 
recent calculations showed that the p-type pinning energy lies 0.1 eV inside the valence 
band.
57
 The conduction band edge (






, therefore ZnO can be heavily doped n-type (degenerate semiconductor), in 
agreement with experimental results.  
These theoretical considerations illustrate the major challenges behind p-type 
doping of ZnO: issues of low dopant solubility, hole compensation, deep level formation 
and acceptor ionization have to be experimentally addressed. In addition, an 
understanding of the dependence of these mechanisms on the process parameters is 
crucial. Chances to achieve p-type doping can be improved by designing growth 
conditions that destabilize the formation of compensating centers. These issues are 








2.2 Doping of ZnO 
 2.2.1 Defect chemistry of ZnO and n-type doping 
 The epilayer conductivity type depends on the concentration and activity of native 
point defects and unintentional impurities. In this section, the intrinsic defect chemistry of 
ZnO is reviewed. 
  Zhang et al. reported that ZnO is intrinsically n-type under zinc-rich conditions.36 
Temperature-dependent Hall measurements have shown that zinc interstitials (Zni) are 
one of the three principal donor types in bulk ZnO crystals.
28
 Recent reports have shown 
that the Zni-NO complex (with a 0.9 eV binding energy) could be the most abundant 
donor in ZnO.
58
 This complex forms because zinc interstitials are mobile at room 
temperature
59
 and likely have to form complexes in order to become stable. Isolated 
oxygen vacancies (VO), in contrast, form deep gap states.
36
 Kohan et al. predicted that 
oxygen vacancies are the most abundant donors in ZnO
60
, though neither zinc interstitials 
nor oxygen vacancies exhibit characteristics consistent with the high electron 
concentrations observed in undoped ZnO. A recent comprehensive study by Janotti et al. 
supports Kohan’s predictions that native point defects in ZnO are very unlikely to be the 
cause of unintentional n-type conductivity.61 Note that recent reports correlate the 3.366 




While hydrogen is known to systematically compensate the dominant carriers in 
GaN,
63
 hydrogen is always a shallow donor in ZnO according to Van de Walle
64
 and 
forms donor O-H complexes.
65




 the fact that 
hydrogen sitting in oxygen vacancies can form strong multicenter bonds responsible for 
the n-type conductivity observed in ZnO. It is however accepted that hydrogen 
electrically passivates nitrogen acceptors
68
 and enhances their solubility in ZnO by 
forming NO-Hi complexes which have formation energies smaller than that of the 
nitrogen acceptor alone.
69
 The PL signature of hydrogen at 3.3628 eV (known as I4) 
disappears after annealing in N2 at 850 °C.
70
 Hydrogen contamination is significant in 
organo-metallic vapor phase epitaxy,
68
 yet there is little evidence that it is an issue in 
pulsed laser deposition. 
12 
 
 The concentration of background donors and acceptors in ZnO crystals and 
epilayers depends on the growth conditions and on the purity of the starting materials. 
The reduction of donor defects is a major challenge that has been underestimated because 
of the drive to produce p-type ZnO. With the control of impurities and the reduction of 
the defect concentration via the growth on high-temperature annealed buffer (HITAB) 
layers, ZnO epitaxial films have very high mobilities (440 cm
2
/Vs) at room 
temperature,
71









) and transparent n-type ZnO can be obtained via 
substitutional doping of group-III elements (Al, Ga, In) to the zinc site.
5,16 ,72 
Al-doped 
ZnO is a transparent conducting oxide widely used to replace ITO and NESA. However, 
for ZnO p-n homojunction applications, doping with Ga is preferred73,74 because the 
diffusivity of Ga in ZnO is smaller than that of Al. Note that Ga and Al impurities, 
commonly found in commercial sources, are also a source of unintentional n-type 
conductivity in ZnO. The photoluminescence fingerprints of the Al, Ga and In donors in 
ZnO are known as I6a, I8 and I9 respectively.
70 
The zinc vacancy is a shallow acceptor that prevails in materials grown under 
oxygen-rich conditions.
75
 It is electrically compensated by hole killers (VO and Zni) that 
form readily under both zinc-rich and oxygen-rich conditions. Tuomisto et al. have 
shown evidence using positron annihilation spectroscopy that the zinc vacancy is an 
abundant acceptor in undoped ZnO material.
76
 It will be shown in chapter 5 that zinc 
vacancies complex with other defects to stabilize shallow acceptors and that P-doping 
favors the formation of zinc vacancies under oxygen-rich growth conditions. 
 
2.2.2. p-type doping 
Lithium is amphoteric in ZnO and forms substitutionals to the zinc sites 
(acceptors) and interstitials (donors).
77
 Its thermal instability favors electron 
compensation in hydrothermally grown ZnO material, resulting in semi-insulating layers 
or substrates.
30,78,79
 This is a major obstacle to the realization of p-type conductivity in 
homoepitaxial layers fabricated on Li-containing substrates such as hydrothermally-
grown ZnO substrates.  
13 
 
Nitrogen has a small ionic radius mismatch with oxygen and should in principle 
readily substitute into oxygen sites.
77,80 
The most encouraging results for nitrogen-doped 
ZnO layers include (1) the development of growth methods that address the issue of low 
solubility,
73
 (2) the possibility to dope layers uniformly with >10
19





 (3) the outdiffusion of hydrogen in layers annealed ex situ70 and (4) the 
minimization of compensation by the use of NO, N2O or NO2 or N2/O2 plasmas or more 
complex nitrogen sources.
81,82
 Yet, in most cases, issues of low solubility, low rate of 





and poor stability of the p-type conductivity 
due to photoconductivity
84
 have lead researchers to question the efficiency of nitrogen 
doping.  
 As an alternative to nitrogen, doping with larger-size (measured in terms of ionic 
radius) group-V elements such as P, As and Sb has been studied.
85-90
 Puzzling 
observations of p-type conductivity in ZnO doped with these elements have stimulated 
theoretical investigations into the electronic structures of the defects induced by P, As or 
Sb in ZnO.
33,91 
In ZnO doped with As or Sb, the most stable acceptor is a complex that 
forms under oxygen-rich conditions between a group-V antisite and two zinc vacancies.
33
 
Such energy-lowering interactions increase the solubility of the acceptor and maximize 
the formation energies of native compensating donors. For ZnO doped with P, 
calculations show that depending on the dopant source (P2O5, P2O3 or Zn3P2) and growth 
conditions (O-rich vs. O-poor), the dominant acceptor under oxygen-rich conditions can 
be the zinc vacancy or the PZn-2VZn complex.
91
 There is still no compelling evidence for 
the existence of such complexes in ZnO. However, recent measurements based on the 
channeling emission techniques by Wahl et al. give evidence for As (3+) substitution for 
Zn (2+) in As-implanted ZnO single crystals.
92
 
 Furthermore, in pulsed laser deposition, it is the plume composition that 
determines the film stoichiometry. Whether choosing between P2O5 and Zn3P2 will 
influence the growth kinetics or dopant incorporation mechanism remains to be 
experimentally demonstrated. Finally, it is interesting to note that Zn3P2, Zn3Sb2 and 
Zn3As2 are p-type semiconductors. Whether the existence of such impurity phases in ZnO 
(less than 1 at. %) can lead to p-type conduction is another open question. 
14 
 
 While much research has been carried out on p-type ZnO, the crystal defects 
induced by acceptor dopants have not been studied in details. Although reasonable p-type 
conductivity has been reported,
73,78,85,86
 there is little understanding of the role of crystal 
defects on the onset of p-type conductivity. The literature also reveals strong temperature 
dependences of the conductivity type and dopant solubility. Thus, it is crucial to 
determine the relationships between the processing conditions (dopant source, growth 
and annealing temperatures) and the structural changes in the epilayers to explain the 
conductivity type change from n- to p-type and the optical properties. These will be 
studied in chapters 4 and 5. 
 There have been few studies relating the crystal defects to the luminescence and 
electrical transport properties of acceptor-doped ZnO epilayers. One of the objectives of 
this thesis is to address this lack by offering more understanding of the relationships 
between p-type doping, defect formation and the optical and electrical signatures of these 
defects. Therefore, it is of interest to review the effects of defects on the properties of 
wide band gap semiconductors.  
 
2.3 Relationships between defects and physical properties of wide band gap 
semiconductors 
 The epitaxial growth of II-VI and III-V semiconductors on highly-mismatched 
substrates (








 threading dislocations and stacking faults depending 
on the process and substrate treatment employed.
93
 The dislocations are often clustered in 
local regions of the epilayer, leaving large volumes defect-free. Besides the theoretical 
limitations summarized in section 2.1.2, the main difficulty in achieving p-type 
conductivity in ZnO comes from the effects of crystal defects and their interactions with 
dopants. 
 In most semiconductors, dislocations introduce electrostatic and strain fields that 
scatter carriers and reduce the carrier mobility. In particular, dislocations with an edge 
component introduce acceptor centers along their lines, which capture free electrons.
94
 It 






 Crystal defects introduce unusual optical transitions, referred to as 

Y -line 
transitions. First discovered by Dean in ZnSe,
96







 samples and have been attributed to bound excitons localized 









 or at point defects gettered by these defects. These 
strongly localized transitions are assigned by exclusion principles based on careful 
systematic and comparative photoluminescence spectroscopy studies (see section 3.6.2 
for details on how to conduct such studies). 
 Dislocations cause optical devices to malfunction. The external quantum 









 The dislocations force rapid recombination of electrons 
with holes, without conversion of their energy into light (non-radiative recombination). 
The non-radiative nature of dislocations is presumed to arise from their possession of 
deep electronic states, which trap radiative recombination. The dislocations reduce the 
minority carrier diffusion length and when the spacing between them is comparable to the 
exciton diffusion length, the luminescence efficiency decreases.
105
 Dislocations also 
cause degradation during device operation. According to the recombination-enhanced 
defect reaction model,
106
 the energy liberated into the solid upon non-radiative 
recombination can be utilized to drive diffusion and promote defect reactions. The 
transport of point defects can drive the motion of dislocations. In arsenide- and 
phosphide-based devices, it was found that the cause of rapid degradation was the 
multiplication of dislocations through their climb and glide.
107
 Studies have also shown 
that the degradation mechanism of ZnSe-based devices occurs via propagation of misfit 
dislocations (the so-called dark line defects) into the active region via climb.
108
  
 Contrary to ZnSe-, AlGaAs- and AlGaInP-based devices, outstanding internal 
quantum efficiencies have been measured in GaN devices despite the large dislocation 
densities. Substantial minority carrier injection and radiative recombination occur without 
the need for a high degree of perfection in GaN epilayers. Under device operation, the 




 times lower than in GaAs.
109
 The 
negligible dislocation climb motion in GaN may be one of the reasons for the remarkable 
longevity of GaN light emitters.  
16 
 
2.4 ZnO epitaxy 
  2.4.1 Crystal structure of ZnO 
 Most binary II-VI compound semiconductors crystallize in the cubic zincblende 
or hexagonal wurtzite structure. ZnO, as the mineral zincite, crystallizes under normal 
conditions in the wurtzite structure shown in Fig. 2.2. The wurtzite structure (space group 
P63mc)
110
 can be described by the stacking of close packed double layers of 0001 planes 
in the 0001 direction. For ideal stacking, the sequence repeats itself as aAbB, where each 
letter designates a stacking plane, and with the convention that upper- and lower-case 
letters indicate Zn and O planes respectively. The primitive unit cell contains four ions, 




(a / 3,0,c /2)  
for the cations, and 

(a / 3,0,c /8), 

(0,0,5c /8) for the anions. In an ideal hcp lattice, the 
ratio 

c /a is equal to 

8/3 . In practice, depending on the position of the interstitial 
cations occupying the tetrahedral sites, the 

c /a ratio may deviate from ideality. The 
deviation from ideality is usually given by the symbol 

u, which corresponds to the 
relative displacement between the anion and cation hcp sublattices along the 

c-axis. Note 
that there is a relationship between 

u and the 

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aZnO=3.2498 Å and the Zn-O bond length is 1.94 Å. 
 Since the wurtzite structure lacks inversion symmetry, the basal plane of ZnO is 
polarized. The lattice polarity has a crucial effect on the material growth process, 
properties and impurity incorporation.
111
 By convention, ZnO is Zn-polar when the Zn-O 
bond along the 










c polar and Zn-terminated. 
 
 2.4.2 Epitaxial growth 
 The interface formed between a layer and a substrate is either coherent, semi-
coherent or incoherent.
112
 When the layer matches the substrate perfectly, the interface is 
coherent; there is continuity of the lattices across the interface. This requires the same 
atomic configuration and happens with homoepitaxial growth. A semi-coherent interface 
17 
 
is characterized by a network of misfit dislocations which form periodically along the 
interface to take up the disregistry. These dislocations, usually of the edge-type, 
accommodate the lattice misfit. Finally, when the lattice mismatch is large (>5%), the 
interface is incoherent. It is obvious that in order to minimize interfacial strain effects on 
the layer properties, the interface should be as coherent as possible. 
 Due to the fact that large area wafers of Al2O3 can be fabricated at low cost, the 
most widely used substrate for ZnO epitaxy is (0001) Al2O3. While this substrate has the 
advantage of being transparent in the visible and chemically robust, it is 
crystallographically mismatched with ZnO. Indeed, the corundum structure is 
rhombohedral while the zincite structure is hexagonal. Thus, in addition to the thermal 
mismatch (~-13%), a large lattice mismatch (~18.4%) exists between (0001) Al2O3 and 
(0001) ZnO.  
 In order to minimize the interfacial mismatch, a nucleation layer can be used. 
When the nucleation layer is ZnO, it is normally deposited at low temperature (LT) and 
under high oxygen pressure. The low growth temperature limits the mobility of surface 
adatoms resulting in a three-dimensional growth that will ensure uniform coverage of the 
substrate surface. The high oxygen pressure enhances three-dimensional growth. Note 
that oxygen-rich conditions are preferred for the growth of insulative ZnO nucleation 
layers. These will not -if resistive enough- interfere with the electrical measurements of 
the main layer. Note that some groups have used semi-insulative Li-doped ZnO as 
nucleation layers, yet the thermal instability of Li is an issue.
78
 Nucleation layers may or 
may not be annealed at high temperature before growth of the main layer depending on 
whether this step will degrade the surface topology and reduce the number of nucleation 
sites. Note that for GaN epitaxy, the growth of GaN LT nucleation layers usually follows 
a step of nitridation of the surface of Al2O3. In analogy with GaN epitaxy, the surface of 
Al2O3 can be pre-treated with an oxygen plasma in order to expose a fresh O-monolayer. 
To summarize, the role of a ZnO nucleation layer is to relieve the interfacial strain, 
supply nucleation centers and promote lateral two-dimensional growth of the main ZnO 
layer. As a result, the properties of the main layer are enhanced though, quite obviously, 
these properties also depend strongly on the stoichiometry, surface morphology and 
18 
 
microstructure of the LT nucleation layer, which themselves mostly depend on the II-VI 
ratio and substrate temperature. 
 Nearly lattice-matched materials exist for improved heteroepitaxy of ZnO. For 
example, InGaN containing 22% indium
113
 or ScAlMgO4. ScAlMgO4 is an hexagonal 
oxide compound that can be viewed as a superlattice formed by alternating stacks along 
the c-direction of (111) (ScO)y rocksalt layers and (0001) (Mg,Al)Ox wurtzite layers.
114
 It 
has the following lattice parameters:
SCAMa =3.246 Å, SCAMc =25.195 Å and a lattice 
mismatch with ZnO equal to ~0.09% when the growth is hexagon-on-hexagon. 
ZnO/ScAlMgO4 layers show superior optical
115
 and electronic transport
71
 properties. Yet, 
one issue with such substrate is the difficulty to find suppliers. As an alternative, it is 
worth noting that the lattice mismatch between ZnO and GaN is ~1.8% while that 
between ZnO and AlN is 4.3%. Thus, ZnO is a suitable substrate for GaN epitaxy, 
GaN/Al2O3 a suitable template for ZnO epitaxy and AlN a suitable nucleation layer for 
ZnO epitaxy on (111) Si. 
 Several other materials have been tested as potential substrates for ZnO 
heteroepitaxy. A first group consists of (111)-oriented cubic substrates such as MgO, Si 
or YSZ.
116
 The issue with (111) MgO is that the surface energy of the (111) surface is the 
highest among (100), (110) and (111). Thus, the (111) face is extremely difficult to 
cleave and prepare for epitaxy. As an alternative, (111) MgO templates can be grown on 
(0001) sapphire substrates by molecular-beam epitaxy.
117
 These templates dramatically 
reduce the mosaicity of the ZnO epilayers and suppress the formation of rotation 
domains. These domains sometimes appear in ZnO/Al2O3 because of the difficulty to 
obtain an ideal sapphire substrate with well-defined termination. Two types of rotation 
domains have been observed, namely 21.8° and 30° domains.
118
 These can be eliminated 
by nitridation of the sapphire surface
119
 or pre-treatment with Ga.
120
 Growth of ZnO on 
(111) YSZ has been little investigated despite the fact that this substrate offers an 
atomically smooth surface, which is desirable for multi-layered or MgZnO/ZnO 
heterostructure growth. Other possible substrates include Al2O3 (with the (1102)  r-, 







fused quartz and polycrystalline glass. Table 2.2 provides a non-exhaustive list of 
possible substrates for ZnO epitaxy. 
  
 2.4.3 Crystal defects in wurtzite ZnO 
 As discussed in section 2.3, ZnO epitaxial films grown on (0001) sapphire 
substrates contain a high density of threading dislocations. The Burgers vectors of the 
dislocations in hexagonal close-packed semiconductors can be deduced using an 
approach similar to the Thompson tetrahedron used in face-centered cubic 
semiconductors, as shown in Fig. 2.3.
124
 When the Burgers vector is not a translation of 
the lattice, the dislocation is referred to as partial. Assuming the line of the dislocation is 
parallel to the growth direction (threading dislocation), the examination of the bi-pyramid 
leads to the following dislocation types in ZnO films grown on sapphire:
125
  
 -edge dislocations with a Burgers vector equal in magnitude to any edge of the 





1/31120 (6 possibilities, e.g. 

AC). 






 0001 (2 possibilities, e.g. 

TS ).  










b s  (12 possibilities, e.g. 

AD). 





1/30110 (6 possibilities, 
e.g. 

A ). These dislocations are known as Shockley partial dislocations. 






1/2  0001 (4 possibilities, e.g. 

S ). These dislocations are known as Frank 
partial dislocations. 






1/60223 (24 possibilities, e.g. 

AS). 
 In addition to dislocations, at least four types of stacking faults have been 
predicted in wurtzite GaN and ZnO.
126,127
 Some faults are formed by the removal of a 
basal layer followed by slip along 

1/31010, resulting in the aAbBaAbBcCbBcCbB 
sequence. Another type of fault produces a slip of 

1/31010, resulting in the 
aAbBaAbBcCaAcCaA sequence. The third type of faults corresponds to an aA or bB 
20 
 
layer occupying the wrong position and has been proposed by Stampl et al.126 The fourth 
type of fault proceeds by the insertion of a basal layer, which results in the 
aAbBaAbBcCaAbBaAbB sequence. For details on the atomic arrangements of the faults, 
the reader is invited to consult Ref. 126.
 
Note that these faults differ by the amount of 
cubic bonds (aAbBcC stacking as in the zincblende structure) they introduce. The first 




 In this chapter, theoretical and experimental difficulties in doping ZnO p-type 
have been reviewed. The effects of crystal defects in wide gap semiconductors have been 
studied and the defects forming in undoped ZnO have been reviewed. The main 
challenges in the synthesis of p-type ZnO are to obtain electronic and optical properties 
of practical use for device application. While the electronic quality of an epilayer is 
usually measured by its Hall mobility, free carrier concentration and resistivity, the 
optical quality is measured by its photoluminescence output and absorption. These 
quantities are defined in chapter 3. Crystal defects in acceptor-doped ZnO are however 
often overlooked even though they can be detrimental to these properties. In chapters 4 
and 5, p-type ZnO epilayers are fabricated and the relationships between processing, 
structural defects and optoelectronic properties are studied. 
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Table 2.1 Ionic radii and size mismatches (

  rdopant /rhost 1) with host atoms of potential 
acceptor dopants in ZnO.
34
 The ionic radii correspond to a coordination number of 4. The 













































Table 2.2 Possible substrates/templates for ZnO epitaxy and their in-plane lattice 


































































, 541.5p pinF VE eV  
, 541.3n pinF CE eV  

EG  3.4eV
, 570.6n pinF CE eV  





Figure 2.2 Ball and stick model of the wurtzite structure. 
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Figure 2.3 Wurtzite structure and application of the Thompson tetrahedron to the 



















3.1 Epitaxial growth 
 Epitaxy can be defined as oriented overgrowth, i.e. crystal growth on another 
crystal with single, well defined, related orientation relationships. The epilayers studied 
in this work were fabricated by pulsed laser deposition (PLD). 
 
 3.1.1 Principles of thin film growth by PLD 
 Pulsed laser deposition is a thin film growth method that consists of three steps:
128
 
(1) the interaction of the pulsed laser beam with a ceramic target usually in the form of a 
sintered pellet (ablation); (2) the formation and expansion of the laser-induced plasma 
and (3) the deposition of the film on a substrate maintained at a certain temperature 
(growth temperature).  
 The success of superconducting thin film growth by PLD in 1987 led to the 
development of this technique
129
 and to its wide use in research laboratories. The most 
obvious advantage of PLD over molecular beam epitaxy or organo-metallic vapor phase 
epitaxy is that it allows a direct transfer of stoichiometry from the target to the film. Thus, 
multicomponent films can be conveniently grown by congruent vaporization of a single 
ceramic pellet, which only requirement should be to have the desired stoichiometric 
proportions. In addition, PLD is a versatile epitaxial route that allows the rapid growth of 
almost any kind of material over a wide range of gas ambients, pressures, substrate 
temperatures, laser power densities (fluences) and repetition rates. 
27 
 
 For a ZnO target irradiated with a laser pulse having a pt =22 ns temporal width, 








  (3.1)  
where   and C  are the thermal conductivity and volume heat capacity in ZnO 
respectively. Taking  =1.3 W/cm·K131 and C =1.7×10-3 J/cm3·K,132 we find L ~40 μm. 
The absorption length   in ZnO for a 248 nm pulse (KrF excimer laser) is 40 nm,132 
corresponding to /L  ~103 and showing that heat diffusion with PLD in the nanosecond 
regime is not negligible. This issue, though it can have important consequences on the 
composition of the target, will be ignored in this thesis. 
 In addition, there are at least two intrinsic issues with PLD: first, the low purity of 
the ceramic target, which usually needs to be prepared by mixing powders, followed by 
uniaxial or isostatic pressing and sintering. Such process introduces impurities which may 
have undesired effects in the film such as unintentional conduction and excitonic 
broadening. The second issue is the formation of micron-scale particles at the film 
surface (droplets). These droplets are induced by the ejection of molten liquid from the 
ablation front (splashing).
129
 Though ZnO sublimes at its melting point (2248 K), it has 
been shown that the existence -for a very brief time- of a molten state accounts for the 
ejection of liquid droplets.
133
 Note that it can be difficult to scale up PLD to large-size 
wafers (2” and above) while maintaining uniform substrate coverage, layer composition 
and thickness. For that reason, sputtering (radio-frequency or direct-current depending on 
the target conductivity) is a good alternative to PLD. 
 The growth rate in PLD can be controlled by optimizing process parameters such 
as the target-substrate distance, the laser fluence, repetition rate, and the oxygen backfill 
pressure. The latter controls the mean-free path of species composing the plume, their 
kinetic energies and the plume angular distribution. 
 Ultrafast PLD, which employs low-energy laser pulses in the picosecond or 
femtosecond regimes, has been suggested as a method to overcome the problem of 
droplet formation. This happens because the pulse width is shorter than the electron-
phonon timescale in solids (typically on the order of a few ps). In other words, thermal 







caused by the brevity of the pulse (~100 fs) induces high kinetic energy (~1 keV) species 
in the plume,
134
 which can sputter the film surface and increase its roughness.  
 
 3.1.2 PLD systems 
 Two PLD systems are used in this study. A description of the first PLD system 
can be found in Ref. 135. The second PLD system is an ultra-high vacuum system 
manufactured by Thermionics Northwest, Inc. The main chamber is a stainless steel 22” 
diameter cylindrical chamber evacuated by a Varian V-551 turbopump backed with a 
Varian Triscroll dry-pump. The chamber base pressure is less than 510
-9
 mbar. A load-
lock chamber (LLC) is used to transfer substrates and targets in and out. The LLC is 
evacuated by a Pfeiffer TMU-071P air-cooled turbomolecular pump backed with a 
Pfeiffer MVP 035-2 diaphragm pump. The substrate manipulator is equipped with an 
XYZ stage. The XY micrometers allow a ± 0.5” travel and the Acme drive allows a Z 
travel of 4”. In addition, 360º of continuous polar motion are provided by a two-stage 
differentially pumped rotary seal (RNN). This allows fine positioning of the substrates in 
the vacuum chamber. Substrates are radiatively heated at temperatures up to 1100 ºC by a 
Pt0.8/Rh0.2 filament. A type-K thermocouple is placed beneath the filament to monitor the 
heater temperature. The substrate assembly is also equipped with a motorized magnetic 
feedthrough for azimuthal rotation of the substrate during growth. The target gearbox is 
operated on a dual-axis rotary feedthrough. One axis is used for vertical clocking of the 
targets and the other axis is used for spinning. The substrate-target distance is adjustable 
between 1.5” and 2.5”. The vacuum level is monitored in each chamber by a Pfeiffer 
compact full range gauge consisting of Pirani and cold cathode systems able to measure 
from 10
3
 mbar to 310
-9
 mbar. 
 The chamber is equipped with a radio-frequency (RF) plasma source (HD-25, 
Oxford Applied Research, Inc.) for plasma-assisted growth. The atomic source consists 
of an alumina discharge zone subject to an inductively-coupled RF excitation of up to 
600 W. Nitrogen or oxygen gases are introduced into the discharge zone and ionized. 
Neutral atoms exit from the cavity through a series of aperture holes whereas ions remain 
confined in the plasma. The distance between the focal point of the substrate plane and 
the atomic source is 150 mm. For O2 plasma-assisted growth, the O2 pressure in the 
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cavity was set to 6.6×10
-5
 mbar and the plasma power was set to 275 W. The chamber 
was then backfilled with 8×10
-5
 mbar O2. 
 The laser is an excimer KrF gas laser (Compex 205, Lambda-Physik, 

=248 nm) 
that consists of a laser tube filled with a Krypton-Helium-Fluorine-Neon premix (3.82 % 
- 1.68 % - 0.09 % - 94.41 %). The nominal pulse width is 22 ns. The output beam has a 
228 mm
2
 rectangular profile, is steered using mirrors made of fused silica coated with 




   
 3.1.3 Target and substrate preparation 
 Commercial targets of desired stoichiometric proportions are purchased from 
Praxair, Inc. and SCI, Inc. A smooth surface and a high density are the desirable features 
of a target in order to minimize splashing.
129
 Prior to growth, the targets were polished 
with SiC grit paper in order to expose a smooth surface and pre-ablated in order to 
remove contaminants. 
 All substrates used in this study are both side epi-ready. (0001)-oriented Al2O3 
(sapphire) substrates were purchased from Crystec Kristalltechnologie GmbH. (0001)-
oriented ZnO substrates were purchased from Crystec Kristalltechnologie GmbH, 
Cermet, Inc. and MTI, Inc. Before being loaded in the PLD chamber, the substrates were 
ultrasonically cleaned in acetone and methanol (two sequences), rinsed with de-ionized 
water and blown dry with N2 gas. Prior to growth, the substrates were baked in vacuum at 
800 ºC for twenty minutes.  
 All films were deposited with the laser repetition rate set to 5 Hz and the fluence 
set to 1.7 J/cm
2
. The growth rate was 1 Å/s at 600 ºC. 
   
3.2 Structure and microstructure characterization  
 3.2.1 X-ray diffraction 
 All ZnO layers were studied by a combination of X-ray diffraction (XRD) 
techniques. The measurements were conducted using two diffractometers: a triple axis 
BEDE-D1 diffractometer having a monochromatic Cu-K (

=1.5405Å) radiation source 
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operated at 40 kV and 40 mA, and a Rigaku-Rotaflex rotating anode four-circle 
diffractometer with the same radiation source operated at 40 kV and 100 mA.  
 The structural quality of the ZnO epilayers was quantified by the full-width at 





normals. A rocking curve (or 

-scan) plots the diffracted X-ray intensity as a function of 

 and is measured by rocking the sample over a small angular range while fixing the 
open detector to the 2

  Bragg angle of the reflection. Only the orientation of the 
diffraction vector is varied. The scan speed and step size were chosen according to the 
sharpness of the rocking curve. The BEDE diffractometer was used for rocking curve 
measurements with the first (022) Si channel cut collimator (CCC) crystal in the path of 
the X-ray beam for improved resolution. A horizontal circular slit (5 mm in radius) and a 
vertical divergence slit (500 m in width) were inserted in the X-ray beam path, resulting 




 Double-sided tape was used to mount the sample 
on the sample holder. The open beam X-ray intensity was 1.710
5
 counts per second 
(cps) at 30 kV and 20 mA. The sample was positioned in the X-ray beam path by 






=180. A tilt optimization (

 -scan) was performed prior to measuring the rocking 
curve. This step is especially critical when the rocking curve is sharp. 
 More detailed characterization was performed by studying the mosaic structure 
formed by ZnO films heteroepitaxially grown on (0001) sapphire substrates. This 
structure is schematized in Fig. 3.1. The epilayer mosaicity is characterized by four 
parameters, the tilt angle (angular rotation perpendicular to the growth plane), the twist 
angle (angular rotation within the growth plane), the lateral coherent length and the 
vertical coherent length. The four parameters are taken as a measure of the epilayer 
crystallinity.  
 Figure 3.2 illustrates the various XRD geometries used to evaluate these 
parameters. The asymmetric geometry is used to measure planes that are not parallel to 
the sample surface.  
 The epilayer tilt is determined by a Hall-Williamson analysis,
137
 which is a plot of 
the FWHM values of the rocking curves of symmetric reflections as a function of the 











fFWHM   (3.2) 
while the lateral coherent length can be obtained by extrapolating the curve to 

 =0. For 
ZnO grown on (0001) sapphire, a Hall-Williamson analysis consists of three rocking 
curve measurements, around the 0002, 0004 and 0006 reflections. The epilayer twist is 
determined by plotting the FWHMs of the rocking curves measured in skew symmetric 
geometry as a function of the lattice plane inclination angle 

  (skew plot). The angle 

  
formed between any two 

hkh kl and 

ded  eg planes in the hexagonal close-packed 























To determine the angle 

  between a 

hkh kl lattice plane and the 

0002 basal plane, a 










The twist angle is determined by an extrapolation of the skew plot to 

=90 as the BEDE 
diffractometer can only incline samples up to 43.
138
 The vertical coherent length is 





  scans of heteroepitaxial ZnO epilayers were measured using the Rigaku 




  scan, both the sample and detector are rotated with respect to 
the X-ray beam. Only the diffraction vector magnitude is varied. The scan speed was set 
to 5 deg/min and the increment was set to 0.01 deg. The alignment was verified by the 
intensity of the 0006 reflection of Al2O3, which diffracts ~310
4





  scans of homoepitaxial ZnO layers were measured using the BEDE 
diffractometer set in high-intensity mode (first CCC crystal out of the beam path). A 200 
m slit was used to align the detector to the 2

  Bragg angle of the reflection studied. 
 Asymmetric 

-scans and reciprocal space maps (RSMs) were measured in the 
glancing incidence geometry using the BEDE diffractometer set in high-intensity mode. 
It is useful to note that in ZnO, the normal to the (1124)  plane is the [1120] =[110]  
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direction and that this direction forms a 30° angle with the [1010]=[210]  direction. More 
details on these methods are available in appendix A. 
 
 3.2.2 Atomic force microscopy 
 The film surface was studied by atomic force microscopy using a Nanoscope III 
(Digital Instruments, Inc.). The cantilevers (μmasch, NSC15/AlBS) are made of Si3N4 
and have their backside coated with Al. The microscope was operated in tapping mode to 
avoid damage and scraping of the film surface. The vertical offsets induced by artifacts 
such as sample tilt, scanner drifting or image bow were removed by a third-order 
flattening performed using the control software. This was done prior to conducting 
section and roughness analyses using the control software. 
 
 3.2.3 Transmission electron microscopy 
 Cross-sectional transmission electron microscopy (TEM) specimens were 
prepared by a standard procedure that includes mechanical grinding, polishing, precision 
dimpling and ion milling. Typically, the TEM specimen is ~100 μm-thick before 
dimpling. After dimpling, the thinnest area is ~30 μm-thick. Finally, ion milling using 
two argon guns set at ~4 kV is used to make the specimen electron transparent. The beam 
energy is progressively lowered as the specimen becomes more transparent in order to 
prevent damage. An optical microscope can be used to monitor the interface formed 
between the Si sacrificial layer and the ZnO surface. Ideally, the hole formed in the 
sacrificial layer should lightly impinge on the ZnO surface, however this usually depends 
on the amount of glue at the interface. More details on the sample preparation procedure 
can be found in Ref. 139.  
 To determine the cutting direction in ZnO layers grown on c-plane Al2O3, pole 
figures of an asymmetric reflection of ZnO and Al2O3 had to be measured. A 1014  pole 
figure of Al2O3 features 3 poles at an inclination angle  ~38°. A 1011  pole figure of 
ZnO features 6 poles at  ~62°, which altogether form an hexagon. The ZnO samples 
were thus cut along the edge of the hexagon in order to be imaged along the [1010]  
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direction. The samples cut along the [1100]  direction were imaged using the [1120]  zone 
axis. 
 A JEOL 3011 microscope was used to image the samples. The electron beam was 
set along the [1010]  and [1120]  zone axes of ZnO, the latter offering better atomic 
resolution of the ZnO lattice. Schematic atomic arrangements of the ZnO hexagonal 
wurtzite structure viewed along these two directions are shown in Fig. 3.3. 
 
3.3 Nuclear reaction analysis 
 In backscattering spectrometry, the energy and number of elastically 
backscattered ions are measured to determine the sample stoichiometry and depth-profile 
elements of interest.
140
 To determine the elemental concentration of nitrogen (

Z=7) in 
nitrogen-doped ZnO films, nuclear reaction analysis (NRA) was used. An NRA spectrum 
plots the total counts of incident 
2
H1 ions scattered by the sample surface as a function of 
energy. NRA has a spatial resolution on the order of the nanometer
140
 and has been 




 Measurements were performed at the Michigan Ion Beam Laboratory by Dr. 
Victor Rotberg using a 1.7MV Tandetron Accelerator. The sample surface was cleaned 
with acetone and methanol. The samples were then mounted with their surface normal 
parallel to the incident beam and were irradiated with a 1.4 MeV 
2
H1 ion beam. The 






 particles were detected by a semiconductor 
detector set at 

 =150° and subtending a solid angle of 

=5 msr. The concentration of 
nitrogen atoms per unit volume 






N Y /[t () Ninc] (3.4) 
where 

Y  represents the total counts of the detected ions (or yield), 

t  is the sample 
thickness, 

()  is the scattering cross-section at the angle 

  and 

Ninc is the total number 
of incident ions. The yield 

Y  was calculated from the area under the peak produced by 

 





3.4 Secondary-ion mass spectroscopy 
 The dopant depth-profiles were measured by secondary-ion mass spectroscopy at 
Evans Analytical Group, Inc. (EAG) by Dr. Steve Novak. The conversion factor used to 
convert the signal intensity to the dopant (nitrogen or phosphorus) concentration was 
derived from the concurrent analysis of a reference sample (nitrogen- or phosphorus-
implanted ZnO). The reference sample is an ion-implanted sample fabricated at EAG. 
The depth scale was calibrated by using the known depth of the peak in the implanted 
reference sample to calculate the sputtering rate. The experimental error is about 10-15%. 
The measurement is done by raster scanning the beam over a 300300 m
2 
area and 
accepting ions from the central 105105 m
2 
area. The measurement is destructive and 











3.5 Thermal gravimetric analysis 
 Thermal gravimetric analysis was performed on a SDT 2960 instrument (TA 
Instruments, Inc., New Castle, DE). The sample was prepared by uniaxially pressing ~40 
mg of Zn3N2 powder into a 3 mm diameter pellet. The pellet was loaded in a platinum 
pan. The data was collected upon heating the pellet between room temperature and 1200 
°C at 10 C/min under a continuous flow of 60 ml/min of synthetic air or nitrogen. The 
instrument was allowed to air cool back to room temperature under constant air flow. The 
measurement was used to study the weight loss of the Zn3N2 powder as a function of 
temperature. 
 
3.6 Optoelectronic properties 
 3.6.1 Spectrophotometry 
 Transmittance spectra were acquired over a 300-1000 nm range using a Varian 
Cary 50 UV-Vis spectrophotometer. The substrate backside was first cleaned with 
acetone and methanol. The sample surface was illuminated at normal incidence. A 
background correction was performed prior to recording the spectra. The film thickness 

t  

















m in the number of fringes in the 

1,2  wavelength range and 

nZnO()  is the 
refractive index of ZnO at 






E //c ), a first-order Sellmeier equation was used as the dispersion 











  in m. 
 
 3.6.2 Photoluminescence 
 Photoluminescence (PL) is the emission of an optical radiation by a solid 
following photonic excitation.
144
 Photoluminescence is a three-step process including the 
photo-generation of electron-hole pairs by absorption of the incident radiation in the near-
surface region, the radiative recombination of electron-hole pairs, and the escape of the 
resulting photon. In direct band gap semiconductors, above band gap excitation has a 
penetration depth on the order of 1 m. Figure 3.4 illustrates the various recombination 
processes in semiconductors, as described in the book by Landsberg.
145
 In this section, 
the concepts of free and bound excitons are explained and the radiative transitions 
illustrated in Fig. 3.4 are described. The PL analysis techniques used throughout this 
study are then presented. 
 
 3.6.2.1 Excitons and the near-band-edge region of the PL spectrum 
 The concept of exciton in covalent solids was developed by Wannier in 1937.
146
 
An exciton is a particle that consists of an electron and a hole, both moving in extended 
orbits with a correlated motion, hence the concept of electron-hole pair. Put simply, an 
exciton is a bound state of an electron-hole pair. An exciton falls into two categories: the 
free exciton, existing as a hydrogenically bound electron-hole pair, and the bound 
exciton, composed of a free exciton molecularly bound to a defect. 
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 In the hydrogenoid approach, free excitons are created in optical absorption 
transitions occurring at discrete energy levels 


















EG  is the band gap energy and 















The third right-hand side term in Eq. (3.7) is the exciton kinetic energy and involves the 
wave vector 

K  of the quasi-particle in translation. The ground state of the free exciton 
corresponds to 

n=1. The ground state energy of the free exciton is thus smaller than the 
band gap energy by the free exciton binding energy, which has been experimentally 
determined to be 59 meV in ZnO. The spectrum of the bound states is illustrated in Fig. 
3.4. Note that 59 meV translates into a ratio 












aB 1.4 nm (3.9) 
The Bohr radius of such free exciton, also termed Wannier exciton, is larger than the 
lattice constants of ZnO, hence the validity of the effective mass approach. Yet, it is 
relatively small, hence the difficulty to achieve confinement in modulated structures. 
 In this work, we use for the electron effective mass 

me
*  0.24 mo  and for the 
hole effective mass 

mh
*  0.59 mo (though for the latter, reports of 

mh




 The valence band in wurtzite ZnO is split into three subbands by the combined 
effects of spin-orbit interaction and of the crystal field. The three upper valence bands 
result in three intrinsic excitonic states (within ~45 meV)
70
 commonly denoted A, B and 
C excitons and labeled as XA, XB and XC respectively. The standard method to determine 
their energy is reflectance spectroscopy. Note that the energy positions of free excitons 
vary substantially depending on the epilayer strain.  
 Excitons can bind to neutral or ionized point defects and form bound exciton 
complexes. There exist several types of bound excitons, as illustrated in Fig. 3.5. For 
example, an exciton bound to a neutral donor (D
0





 Ionized acceptors are unlikely to bind excitons since a neutral acceptor and 
a free electron are energetically more favorable.
149
 The binding energy of the bound 
exciton (localization energy) is equal to: 
 






EBX are the free exciton and bound exciton energies in the ground state 
respectively. For that reason, bound exciton lines fall generally on the low-energy side of 
free excitons. The localization energy 

Eloc can be measured directly from the PL 
spectrum or derived by temperature-dependent measurements.  
 According to a rule established by Haynes for excitons in silicon,
150
 the energy 
required to free an exciton from a defect is a linear function of the energy required to free 
a carrier bound to the same defect:  
 

Eloc  a bEi (3.11) 
where 

E i  is the energy needed to ionize the defect. Depending on the compound 
semiconductor, several proportionality constants have been derived for excitons bound to 
donors and acceptors. Meyer et al. obtained 

a=-3.8 meV and 

b=0.365 for neutral donors 
in ZnO
70
 while Gutowski et al. obtained 

a=-0.021 meV and 

b=0.244.151 For acceptors, 

a=0 meV and 

b~0.1.149  
 Experimentally, the near-band-edge PL spectrum of undoped ZnO crystals 
features several sharp and structured transitions, labeled I0 to I11, within a 3 nm-wide 
wavelength region. These are due to the recombination of excitons bound to ionized and 
neutral defects. Much research has focused on the identification of the donors and 
acceptors associated with these transitions.
70 
Recent findings show that I0, I1 and I2 are 
ionized donor states associated with I6a, I8 and I9 respectively, increasing to seven out of 
twelve the number of unambiguously identified excitons in ZnO. 
 Finally, a general rule of thumb is that the localization energy of acceptors in ZnO 
can lie anywhere between 16 and 30 meV. In fact, in the case of nitrogen-induced 
acceptors, some groups have reported 
AE =160-260 meV based on the observation of 
donor-acceptor (DA) luminescence,
152-155
 in good agreement with Haynes rule and 
localization energies of about 16-26 meV. 




 3.6.2.2 Satellite transitions 
 A two-electron transition is a replica of a donor bound exciton that occurs at a 
lower energy. An electron orbiting around the nucleus of a donor may jump from the 1s 
ground state (

n=1) to an excited energy state (

n>1) 2s, 2p etc. In the hydrogenoid 
approach, the newly formed exciton recombines at an energy 

En  given by: 
 

En  EDX  ED(1
1
n 2
)  (3.12) 
 The same concept holds for acceptor bound excitons, which can produce two-hole 
transitions;
156
 these transitions are rarely observed in ZnO.  
 
 3.6.2.3 Electron-phonon coupling 
 Every optical transition involves the creation of one or more phonons. For an 
optical transition accompanied with phonon creation, the photon energy 





hm,n  EZPL mELO  nETO  (3.13) 
where 

EZPL is the transition energy of the zero-phonon line (ZPL), 

m is the number of 
created longitudinal optical (LO) phonons, 

ELO  is the energy of the LO phonon, 

n is the 
number of created transverse optical (TO) phonons and 

ETO  is the energy of the TO 
phonon. In ZnO, the coupling to TO-phonons is generally so weak that TO-phonon 
replicas do not appear in the PL spectrum. LO-phonons in ZnO have a frequency of 591 
cm
-1
, corresponding to a 71.5 meV energy. 
 The strength of the coupling is measured by the Huang-Rhys factor S ,157 which 








  (3.14) 
where 
nI  is the intensity of the n -th phonon sideband and 

IZPL is the ZPL intensity. 
Depending on the electron-phonon coupling strength, the ZPL may or may not be visible, 
as evidenced by Fig 3.5, which shows various Poisson distributions for several values of 
the Huang-Rhys factor. An obvious example is the green luminescence in ZnO, 
commonly assigned to copper, and characterized by a zero-phonon line, which may or 





 In the Fröhlich coupling model, the Huang-Rhys factor S  and the Bohr radius 
Ba  
















 3.6.2.4 Donor-acceptor and free-to-bound transitions 
 A DA pair is a polycentric complex that involves an electron bound to a donor 
and a hole bound to an acceptor such that their wavefunctions overlap. The 
recombination energy of a DAP 






EDAP(r)  EG  (ED 
e2
4sor
) EA  (3.16) 
where EG is the band gap energy, r is the pair separation and the third term on the right-
hand side is the Coulomb energy of the ionized defects after recombination. Donors and 
acceptors are localized at lattice sites, thus 

r  can only assume discrete values. The DA 
pair appears as a set of discrete lines corresponding to the allowed values of 

r . An 





)  (3.17) 
where 

N  is the concentration of ionized donors or acceptors depending on their ratio and 
is proportional to 

[N ] via the ionization ratio.   
 

N  is difficult to measure by steady-state PL spectroscopy but can be determined 
by time-resolved PL. A crude approximation is to set 

r and graphically determine 
the corresponding transition energy 

EDAP(). Using Eq. (3.16), 

EA  can be calculated. 
 A more accurate approach to determine 

EA  is to conduct temperature-dependent 
measurements. As the measurement temperature increases, the donor ionizes its electrons 
into the conduction band. The transition of a free electron from the conduction band to a 
neutral acceptor level A
0
 is referred as (e,A
0











EA  is the acceptor ionization energy and T  is the temperature of the free electron 
in the conduction band. These transitions are dominant at intermediate temperatures or at 
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room temperature depending on 

EA . There exists a temperature at which Eq. (3.16) and 
Eq. (3.18) can be combined and 

EA  determined. 
 
 3.6.2.5 Temperature dependence of PL transitions 
 The temperature dependence of the band gap energy can be fitted by several 












 (3.19)  

















The main limitation of the Varshni equation is that it does not provide a good fit to the 
experimental data when the measurement temperature range is much less than the Debye 
temperature (taken as 837 K in this work).
162
 The following equation has been proposed 
by Manoogian and Wooley:
162 
 ( ) (0) (coth( ) 1)
2
s
G GE T E T
T

      (3.21) 
where   is related to the Debye temperature and s ,   and   are fitting parameters. 
 In this work, the experimental data was well fitted by Eq. (3.19). 
 The temperature dependence of the integrated intensity of a bound exciton BX 














 (3.22)  
where N  is the number of Arrhenius steps in the quenching process, 
iE  and iC  are 
fitting parameters. In most cases, N =1 or N =2. When N =2, the activation energy 
1E  
driving quenching at low temperature represents the exciton binding energy while the 
activation energy 
2E  driving quenching at high temperature corresponds to the defect 
ionization energy. Usually, 




 3.6.2.6 Excitation intensity dependence of PL transitions 
 The lifetime and concentration of defects in ZnO are finite therefore it is possible 
to saturate defect-related luminescence when using high excitation intensities. 
  The luminescence intensity I of a near-band-edge PL transition is proportional to 
F  , where F is the laser excitation intensity and   is a dimensionless exponent. For 
bound excitons, 1<  <2, while for DA or free-to-bound transitions,  <1.163 
 A characteristic of DA transitions is to blueshift under increasing excitation 
intensity. Indeed, the number of occupied donor and acceptor centers increases; their 
average distance necessarily decreases, which shifts the band peak energy toward the 
blue because of the Coulomb energy term.
149
 
 Note that power-dependent PL can be used to determine the acceptor 
concentration in n-type ZnO, as shown by Reshchikov et al.164 
  
 3.6.2.7 Apparatus 
 The ZnO samples were loaded in a closed-cycle He cryostat (ARS, Displex, CS-
202) operated between 10 and 300 K. Conductive copper tape was used to mount the 
samples onto the holder. The angle between the sample surface normal and the laser 
beam was ~20 deg. The cryostat was first evacuated to a pressure of 10
-5
 mbar by a 
Pfeiffer TSH-071E turbopumping station. The compressor was turned on after 15 min. 
The luminescence was excited by a He-Cd laser (Kimmon, IK3501R-G, 

=325 nm, 100 
mW), focused onto the entrance slit of a 1 m monochromator (HORIBA Jobin-Yvon, 
1000M) and detected by a photomultiplier tube (Hamamatsu, R928) operating in photon 
counting mode.  
 The photoluminescence was measured between 350 and 700 nm using a 0.1 nm 
increment and a 1 second acquisition time. The sizes of the monochromator and PMT 
slits were adjusted between 50 and 400 m in order to prevent PMT saturation (occurring 
at 2×10
6
 cps). The near-band-edge emission of the epilayers, which contains useful 
information on bound exciton complexes, is measured between 350 and 400 nm. In that 
range, the quantum efficiency of the photomultiplier tube (PMT) is almost constant (25 
%), thus the relative intensities of the PL transitions can be directly compared. Note that 
between 400 and 700 nm, the quantum efficiency of the PMT drops from 25 % to 8 %. 
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Thus, care must be taken upon interpreting spectral features in the high wavelength 
region or comparing their intensities with those of transitions in the near-band-edge 
region.  
 A laser line filter with a 1.2 nm bandwidth was used to filter wavelengths around 
the 325 nm radiation of the He-Cd laser. A long wave pass edge filter was placed in front 
of the entrance slit of the monochromator. Its transmission was above 95 % between 330 
and 430 nm but dropped to 40 % at 450 nm. Again, care must be taken upon comparing 
intensities of low- and high-energy transitions. This filter was also found to introduce 
interference fringes between 450 and 700 nm. These fringes contained no information on 
the sample measured and were strictly related to the set-up. 
 For power-dependent PL measurement, the excitation laser intensity 








 using neutral density filters. 
 The volume sampled by PL spectroscopy is typically on the order of several 
hundreds of m
3
 depending on the exciton diffusion length. Therefore, the PL spectrum 
averages out the contributions of regions with defects and without defects. The spectral 
resolution of the monochromator is 0.008 nm. In this thesis, energy values -in eV- are 
given with 4 significant decimals; wavelengths -in nm- are given with 2 significant 
decimals. Depending on the sharpness of the optical transition, only one significant 
decimal may be used for the wavelength. Throughout this study, the following 
relationships between photon energy E  and wavelength   are used: 
 hcE








   (3.23b) 
 
 3.6.3 Hall analysis 
 Combined conductivity and Hall voltage measurements are widely used methods 
for quantitative evaluation of electrical properties of semiconductors. Hall-effect analysis 
was performed using the Van der Pauw geometry
165-166
 illustrated in Fig. 3.6. The validity 
of the method requires uniformly thick films of connex topology. For 0.5 cm
2
 square 
samples, triangular contacts with a size around 0.5 mm introduce an error less than 1% 





contact-size issue is the reason why other geometries have been proposed to improve on 
the accuracy of electrical measurements.
168
 
 The conductivity 

  is determined by eight measurements of voltage without 
magnetic field.  






pH ) is determined by eight 
measurements of voltages, four under a positive magnetic field ( B ) and four under a 
negative magnetic field ( B ). These eight measurements are needed to eliminate 
undesired voltages arising from misalignment (
MV ), Seebeck ( SV ), Nernst ( NV ), Righi-
Leduc (
RV ) and Ettingshausen ( EV ) effects.
168
 The Ettingshausen voltage cannot be 
eliminated; in ZnO, its contribution is usually negligible.
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 The carrier type is determined by the sign of the averaged Hall voltage (
HV ). 
Resistive samples tend to produce weak signals on the order of 

V . Artificial voltage 
spikes can significantly impact the final Hall voltage and give considerable scatter of the 
data. Other issues may arise from mixed conduction, photoconductivity or surface 
conduction effects. Surface conduction usually results in the Hall coefficient going 
through a minimum. 
 The Hall mobility 


















It is convenient to set the Hall factor equal to 1 so that the drift mobility 

  equals the Hall 
mobility 








pH ).  
 Hall analysis at low temperature yields quantitative information about the 
electrically active impurities and scattering mechanisms in a semiconductor.
170
 The 
temperature dependence of the carrier concentration is determined by the ratio of the 
acceptor level density, 

NA , to the donor level density, 

ND , i.e. the compensation ratio, 









  p  NDk

k







p  are the electron and hole concentrations, and 

NAk
  and 

NDk
  are the 
concentrations of single ionized acceptors and donors. 

 
 The temperature dependence of the drift mobility provides information on the 
mechanisms scattering the free carriers. The drift mobility can be expressed as a function 
of the scattering relaxation time 

































 The relative strength of each scattering mechanism determines the temperature 
dependence of the total drift mobility. The various mobility components of interest in this 
work are described in Appendix B. The theoretical Hall mobility of bulk ZnO given by 
Eq. (B.8) is plotted in Fig. 3.7(a) along with its five scattering components, assuming a 


















. The effect of dislocation scattering on the total Hall mobility is shown 







phonon scattering progressively vanishes under the effect of increasing dislocation 
scattering. 
 The Hall measurement set up uses a Keithley 220 programmable current source 
and a Hewlett Packard 6517A high input impedance voltmeter. The magnetic field is 0.22 
T. A commercial MMR apparatus equipped with a 0.67 T permanent magnet and 
supplied by IMRA America was also used. The angle between the sample surface normal 
and the magnetic field is 90 deg. 
 Ohmic contacts to the ZnO films were made with pressed indium annealed at 300 
°C under N2 flow. Au leads were attached to the indium contacts for convenient 






3.7 Device fabrication and testing 
The ZnO mesas were fabricated by Weiming Wang in three steps including two 
metal lift-off steps and one mesa etching step. The metal lift-off process sequence can be 
described as follows: the surface of the homojunction is cleaned following a standard 
procedure and baked at 150 °C for 2 minutes to rid the surface of solvent residues. A 
hexamethyldisilazane ([CH3Si]2NH) preparation is spin-coated (Solitec 5110) for 30 
seconds at 4000 rpm in atmosphere onto the homojunction surface to promote photoresist 
adhesion. A 1 µm-thick negative photoresist (AZ-5214) is spin-coated for 30 seconds at 
3000 rpm. A soft-bake 5 to 10 °C below the photoresist crosslinking temperature (105 °C 
in this process) is conducted to remove solvents and cure the photoresist. The photoresist 
is then exposed to 20 mW/cm
2
 UV light (Cl2, 405 nm) for 4 sec using a Karl Suss MJB-3 
mask aligner. A post-exposure bake is carried out at 115 °C for three minutes. This step, 
critical for “image reversal”, is used to cross-link the photoresist and eliminate its photo-
sensitivity. It is followed by a flood exposure step to make the masked areas soluble to 
the developer solution (MF-319). The sample is then immersed in the MF-319 developer 
to remove the soluble photoresist. Metal electrodes are sputtered onto the exposed ZnO 
surfaces: 20 nm / 80 nm for Ti / Au on n-type ZnO and 20 nm / 80 nm Ni / Au on p-type 
ZnO and lifted off in acetone for 10 minutes. The residual photoresist is dissolved in 
acetone in a regular glass beaker and the homojunction cleaned following a standard 
procedure.  
 For mesa-etching, the above sequence is identical until electrode sputtering. After 
development, the ZnO exposed area is etched in HF (JT Baker, 49%, electronic grade). 
The etch-rate was found to be strongly dependent on the microstructure of the film, 
typically between 50 nm / min to 300 nm / min. Highly dislocated films were found to 
etch faster. Following etching, the sample was cleaned following a standard procedure.  
 The current-voltage characteristics were collected using a probe station connected 


































































Figure 3.2 Illustration of the (a) symmetric, (b) glancing incidence asymmetric and (c) 
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Figure 3.5 Illustrations of excitons bound to (a) an ionized donor D
+
, (b) a neutral donor 
D
 
and (c) a neutral acceptor A. 








































Figure 3.6 Intensity distributions of phonons assuming Huang-Rhys factors of (a) 0.5, 
(b) 1, (c) 5 and (d) 10.  
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, and a two-donor and one-acceptor model to fit the charge 
balance equation. The five scattering mobility components used in this work are also 
















Because the valence band maximum lies close to the p-type pinning energy, ZnO 
is relatively resistant to shallow acceptor doping.
57
 Despite recent reports of ZnO-based 
light-emitting devices,
73
 the fabrication of p-type ZnO using nitrogen as dopant is still 
limited by various issues such as the low solubility of nitrogen, compensation due to the 
intrinsic band structure of ZnO,
49,56 
and passivation by hydrogen.
68
 Theoretically, the 
substitution of oxygen by nitrogen gives the shallowest acceptor among group-V 
elements, with an activation energy of 400 meV.
77
 Because of compensation and 
passivation issues, a high nitrogen concentration is required in order to produce hole 






. Yet, there is a marked trade-off between 
nitrogen solubility and crystallinity since ZnO films of good epitaxial quality require high 
growth temperatures while the nitrogen solubility generally decreases with the growth 
temperature.  
Nitrogen-doped ZnO films have been fabricated by various methods. Plasma-
assisted growth, which relies on the dissociation of nitrogen gases such as N2, N2O or 
NO, has been in some cases successful in fabricating p-type ZnO.73,78 However, the 
competitive kinetics between reactions involving nitrogen and its radicals during growth 
results most of the time in the incorporation of undesired nitrogen-related donors such as 
(N2)O or NO-(N2)O.
83,171
 Electron paramagnetic resonance studies have also shown that 
molecular nitrogen (N2
-
) can act as an acceptor in ZnO crystals,
172
 illustrating the 
difficulty in controlling how nitrogen distributes in ZnO.  
 As an alternative to plasma-assisted growth, oxidation of Zn3N2 has been used to 
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fabricate nitrogen-doped ZnO films,
173
 however the film crystallinity and the 
reproducibility of the p-type conductivity were poor. 
This chapter reports the fabrication of p-type ZnO thin films by pulsed laser 
ablation of a Zn-rich Zn3N2 target with which the low nitrogen solubility issue can be 
overcome.
174
 The target choice is determined by the kinetics of pulsed laser ablation. 
Briefly, because of the characteristically high kinetic energies of the plume ions, 
nitrogen-doped epitaxial ZnO films can be grown directly on Al2O3 at low temperatures. 




 are measured in the films grown at 
300 C and decrease by two orders of magnitude when the growth temperature is further 
increased to 500 C. While all as-grown ZnO films show n-type conductivity, the films 
deposited at 300 C and annealed in oxygen at 600 °C become p-type. To understand 
these observations, the microstructures of both undoped and nitrogen-doped samples 
were studied by transmission electron microscopy (TEM). It was found that the p-type 
films consist of columnar grains with a high density of defects within the grains while the 
films grown at 400 C under the same conditions have more homogeneous 
microstructures. Results of low-temperature photoluminescence (PL) and Hall-effect 
measurements of N-doped ZnO and undoped ZnO films are compared to delineate the 
effects of nitrogen doping. Two doping-induced acceptor levels are evidenced in p-type 
samples. 
Thermal gravimetric analysis (TGA) and temperature-dependent X-ray diffraction 
(XRD) were used to investigate the thermal stability of the Zn3N2 powder in air. Figure 
4.1(a) shows that the Zn3N2 phase gradually transforms into ZnO above 500°C in 
synthetic air, while it decomposes into Zn metal in nitrogen ambient. Temperature-
dependent XRD measurements shown in Fig. 4.1(b) are consistent with the TGA results. 
The Zn3N2 anti-bixbyite phase gradually transforms into the zincite phase at around 550 
°C in air. A 20 at% Zn-doped Zn3N2 pellet was therefore sintered at 500 °C for 8 h in air. 
Zinc powder was added to consolidate the target during firing and to create zinc-rich 
growth conditions, which favor nitrogen incorporation.
77
 The epitaxial films discussed in 
this study were deposited on (0001) Al2O3 substrates in 5 mtorr O2 at a rate of 5 Å/s and 
had thicknesses of 300-500 nm. For comparison purposes, undoped ZnO films were 
fabricated by laser ablation of an undoped ZnO target under the same growth conditions. 
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The substrate temperatures during growth were 300 °C and 400 °C.  
 
4.2 Nitrogen solubility in heteroepitaxial ZnO films 
 The nitrogen concentration was determined by secondary-ion mass spectroscopy 
(SIMS). The data was calibrated by simultaneous measurement of a nitrogen-implanted 
reference sample. Figure 4.2(a) shows the SIMS measurement of a p-type sample 





. The nitrogen concentration was also measured by nuclear reaction 
analysis (NRA). NRA has been widely used to depth-profile hydrogen in semiconductors 
due to its ability to detect light elements.
141





NRA results are in good agreement with the SIMS results: as shown in Fig. 4.2(b), the 









as the growth temperature is increased from 150 °C to 400 °C. At growth temperatures 





). The observation that the nitrogen solubility rapidly decreases when 
the growth temperature increases is consistent with Ref. 175. It shows that both the 
solubility and mechanism of incorporation of nitrogen depend on the film microstructure, 
which itself is a strong function of the growth temperature (see section 4.4). 
 
4.3 Effect of nitrogen doping on the optoelectronic properties of ZnO 
 Table 4.1 summarizes the electrical properties at room temperature of nitrogen-
doped and undoped ZnO samples, before and after annealing in 1 atm. O2 for one hour. 
As-deposited nitrogen-doped ZnO samples show n-type conductivity. Films deposited at 
300 °C have mobilities typically less than 1 cm
2
/Vs whereas those deposited at 400 °C 
have mobilities comparable with those of undoped ZnO (~25 cm
2
/Vs). The ZnO films 
deposited at 300 °C, followed by annealing at 600 °C in O2, are p-type with a resistivity 
of 28 cm, a mobility of 0.5 cm
2





electrical properties are reasonable in comparison with other reports.
73,78
 The films 
deposited at 400 °C remain n-type after annealing. 
The reasons for the large nitrogen solubility and the moderate level of hole 
conduction in our nitrogen-doped ZnO films may come from the kinetics of pulsed laser 
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deposition (PLD). Extensive experimental and theoretical studies of PLD have shown 
that in addition to electrons and ions, the laser-induced plume also contains clusters of the 
target material of different sizes.
129
 Kukreja et al. used time of flight spectroscopy to 
demonstrate the existence of (ZnO)n clusters, with n up to 20, in a plume induced by 




 One unique aspect of our 
growth process comes from the ablation of the Zn-doped Zn3N2 target, which creates Zn-
N clusters in the plume. These clusters can directly incorporate the ZnO film while it 
grows and contribute to the formation of the desired Zn-N bonds, which are otherwise 
difficult to form due to the larger electronegativity difference between Zn and O. Since O 
is more electronegative than N, the film grows as ZnO. On the other hand, the film 
contains N-N and N-O bonds, which can act as compensating donors.
177
 
 Temperature-dependent measurements of the carrier concentration in n-type and 
p-type films are shown in Fig. 4.3(a). The measured electron concentration in n-type 
samples is nearly independent of temperature in the range considered, indicating that the 
material is degenerate. The charge balance equation (CBE) was used to fit 

n(T) . For an 
n-type sample, assuming a single acceptor / multiple (
















  (4.1) 
where 

NA  is the residual acceptor level density, 

NDi  are the donor concentrations and, 









































 and a very shallow donor 
level (

ED<< 1 meV), suggesting that the Fermi level lies in the conduction band. The 
activation energy (

EA ) of the acceptor in p-type samples can be determined by a fit to 

p(T)T 3 / 2 exp(EA /kT) .
169
 The least-squares fit between 100 K and 300 K shown in 
Fig. 4.3(a) gives 

EA=105±5 meV, a value consistent with recent reports,
71
 yet much 
smaller than that predicted by theory.
77 
Note that this result is consistent with the 
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hydrogenoid model of the acceptor dopant, which under the effective mass approach 
gives an acceptor activation energy 











105meV  (4.4) 
A 105 meV acceptor corresponds to an ionization ratio of 1.710
-2





, suggesting compensation of the hole carriers, in agreement 
with Ref. 177. The identity of such acceptor is unknown at this point. 
 The temperature dependences of the Hall mobility are shown in Fig. 4.3(b). 
Scattering in n-type nitrogen-doped ZnO grown at 400 °C is dominated by impurity 
scattering, which is consistent with the high dopant concentration measured by SIMS. In 
contrast, the hole mobility in p-type films grown at 300 °C decreases throughout the 
whole temperature range. According to the Petritz model,
178
 the grain boundary 
scattering-dependent mobility satisfies 

(T) T exp[EB /kT] , where 

EB  is the energy 
of the potential barrier created between two crystallographic grains. As shown in Fig. 
4.3(c), a good fit to the mobility can be obtained between 200 K and 300 K using the 
Petritz model with 

EB=14±2 meV. The physical meaning of the potential barrier is 
difficult to interpret based on the high density of defects in the films, which can also act 
as scattering sources. Yet, because the material contains a high density of grains with 
narrow lateral coherent lengths (see section 4.4), it is reasonable to assume that grain 
boundary scattering is the dominant scattering source at high temperatures. 
 Photoluminescence spectra, at 6 K, of undoped ZnO, as-grown nitrogen-doped 
ZnO and p-type nitrogen-doped ZnO fabricated at 300 °C are compared in Fig. 4.4. The 
PL spectrum of undoped ZnO is dominated by three recombination lines at 368.2 nm 
(3.3673 eV), 368.5 nm (3.3646 eV) and 368.9 nm (3.3609 eV) assigned to donor-bound 
excitons. The free A-exciton at 366.7±0.1 nm (3.3811 eV) and B-exciton at 365.4±0.2 
nm (3.3931 eV) are observed. The PL spectrum of n-type N-doped ZnO spectrum is 
dominated by two D
o
X transitions at 367.9 nm (3.3701 eV) and 368.5 nm (3.3646 eV) 
accompanied by a pronounced transition at 371.7 nm (3.3356 eV). This transition can be 
assigned to a Y-line or to a two-electron transition associated with the ground state of a 
D
0
X. The associated donor activation energy 







X transitions were found to quench at 70 K. The thermal decay of the 
integrated intensity of the D
o
X recombination line was fitted between 6 K and 70 K to a 
















 and a localization energy (

Eloc) of 14.6 meV were 
found. Based on Haynes rule for donors,
70,150
 the donor activation energy






E loc  a
b
  (4.6) 
where 

a=-3.8 meV and 

b=0.365. Calculations give 

ED=50.4 meV in good agreement 
with the previous calculation.  
 After annealing, the integrated intensity of the D
o
X transition quenched and 
broadened dramatically and a pronounced recombination line having an intensity stronger 
than that of the D
o
X line and peaking at ~396.0 nm (3.1309 eV) is observed. A second 
broad, yet weaker, transition can be distinguished at around 377.3 nm (3.2861 eV).  
  As discussed in section 3.6.2.4, a characteristic of DA transitions is that they 
blueshift under increasing excitation intensity. The emission maximum of the 396.0 nm 
band was found to shift to the blue with increasing excitation. The transition was 
assigned to a DA transition involving nitrogen. This observation demonstrates the 
successful introduction of an acceptor in the epilayer. There have been several reports of 
DA recombination in nitrogen-doped ZnO samples,
152-155
 and activation energies of 165-
266 meV have been calculated for the nitrogen acceptor. The acceptor binding energy 

EA  can be determined from the energy position of the DAP under the approximation of 




EDAP()=3.1060.03 eV can be determined, 
which using Eq. (3.16) gives 

EA=28030 meV, in good agreement with Ref. 179. A 280 
meV acceptor corresponds to an ionization ratio of 1.9×10
-5
 at room temperature, which 
is less than the calculated ionization ratios based on Hall-measurement results, suggesting 
that a shallower acceptor may also generate holes.  
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 The 377.3 nm transition was also assigned to a donor-acceptor transition. 
Graphically, 

EDAP()=3.2840.01 eV was determined, corresponding to 

EA =10210 
meV. This result is consistent with the activation energy determined by temperature-
dependent Hall-effect measurements. It also supports the relatively low hole 
concentration measured in the films since according to the intensities of the DA 
recombinations, the shallowest acceptor is also the least abundant one.  
 No acceptor-bound excitonic transition was observed in p-type ZnO. It is obvious 
that the presence of acceptors in a semiconductor, intentional or not, will systematically 
produce DA recombinations. The concept of neutral acceptor-bound excitons (A
0
X) in 
ZnO is however very different and still under extensive debate. Experiments show that 
acceptors in ZnO tend to be deep,
179-182
 and therefore unlikely to localize an exciton. 
Even if they did, the bound exciton would be relatively stable against recombination. 
Finally, rigorous analysis of A
0





X transitions, calls for magnetic resonance spectroscopy based on the 
Zeeman effect. However, the Zeeman splitting is relatively hard to measure 




4.4 Effect of nitrogen doping on the crystallinity and microstructure of ZnO 




  scan of the p-type sample deposited at 300 °C. All 
reflection peaks correspond to the basal planes of ZnO and Al2O3. No peaks from other 
ZnO planes or impurity phases (such as Zn3N2 or Zn) were detected. These results 
demonstrate that nitrogen-doped ZnO films are directly fabricated on the sapphire 
substrate, in contrast with Ref. 173 and 183 where polycrystalline films are obtained from 
oxidation of the Zn3N2 phase. The full-width at half-maximum (FWHM) value of the 
ZnO 0002 rocking curve was respectively 0.79° and 0.54° when the substrate temperature 
was 300 °C and 400 °C.  
 

-scan measurements of the ZnO 

1124 reflection shown in Fig. 4.5(b) show the 
six-fold symmetry of the wurtzite structure and an in-plane broadening of 3.7°. The 
degree of in-plane rotation between the ZnO and Al2O3 lattices was found to be 30°, 
corresponding to a 

[2110]ZnO ||[1010]Al2O3  and a lattice mismatch of 18.4 %. The epitaxial 




(0001)[2110]ZnO || (0001)[1010]Al2O3  and schematized in Fig. 4.6, where it is seen that the 
hexagonal zinc plane in ZnO matches the oxygen sublattice of sapphire.  
 From the XRD studies, it can be concluded that the epitaxial quality of our p-type 
nitrogen-doped sample is much higher than that of films produced by oxidation of 
Zn3N2,
173,183,184 
which are either polycrystalline or textured out-of-plane with 0002 
rocking curves broader than 2°. It is difficult to understand how such polycrystalline 









 In our work, pulsed laser ablation of a Zn-rich Zn3N2 
target in an O2 environment appears to be a reliable method of fabricating single phase, 
epitaxial ZnO films uniformly doped with nitrogen. 
  The observed microstructures are consistent with the measurements of the Hall 
mobility in n- and p-type films. Figure 4.7(a) is a cross-sectional TEM image of the p-
type N-doped ZnO film deposited at 300 °C. It can be seen that the microstructure 
consists of columnar grains having widths of 10-20 nm. The grains are slightly tilted with 
respect to each other and account for the more pronounced mosaicity observed by X-ray 
diffraction. The grain boundaries and the high density of defects within the grains 
account for the low mobility electrical transport as they provide additional scattering 




) as the 
nitrogen atoms may be pinned at the high-energy internal surfaces induced by planar 
defects such as boundaries. In contrast, the microstructure of nitrogen-doped ZnO 
samples grown at 400 °C and above is relatively uniform and does not show a high 
density of grains (Fig. 4.7(b)). Rather, the films consist of threading dislocations formed 
due to the large lattice mismatch between ZnO and Al2O3.  
 These studies reveal that nitrogen causes significant microstructural changes by 
itself. One possible reason for the differences in microstructure and nitrogen 
concentration is the thermal stability of the Zn-N bond. Most Zn-N bonds decompose on 
heating at the substrate surface at 

TG=400 °C so that Zn preferentially binds with O, 




 nitrogen atoms in the film. This is consistent with the 
temperature-dependent XRD measurements of Zn3N2 powder. In contrast, at 

TG=300 °C, 
the Zn-N clusters at the substrate surface are stable and segregate to the boundaries 
between ZnO grains, resulting in a ZnO film doped with nitrogen.  
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 According to Ref. 58, the films deposited at 300 °C may contain shallow Zni-NO 
donor complexes, which on annealing in O2 decompose into Zn interstitials and NO 
acceptors. The decomposition is driven by the high mobility of interstitial zinc in ZnO. 
The onset of p-type conductivity after annealing may thus originate from the gettering of 
zinc interstitials at crystal defects such as grain boundaries, and the ionization of NO 
acceptors. A comparison between the microstructures of films deposited at 300 °C and 
400°C reveals that highly defective microstructures can produce low-mobility hole 
transport because of numerous and complex interactions between extended defects, 
donors and acceptors. While the 105 meV acceptor is likely to be the NO substitutional, 
the identity of the 280 meV defect is unknown at this point. 
   
4.5 Conclusions 
 In conclusion, nitrogen-doped p-type ZnO epitaxial films were fabricated by 
pulsed laser ablation of a Zn-doped Zn3N2 target. The films deposited at 300 °C are 




. While as-grown films are degenerate n-type, 
films deposited at 300 °C and annealed at 600 °C in O2 are p-type with a resistivity of 28 
·cm, a mobility of 0.5 cm
2




. At least two 
doping-induced acceptor levels at 105 and 280 meV were identified in p-type nitrogen-
doped ZnO. Transmission electron microscopy studies show that the microstructure of N-
doped ZnO deposited at 300 °C consists of columnar grains. The onset of p-type 
conductivity after annealing may originate from gettering of zinc interstitials at grain 
boundaries and ionization of nitrogen acceptors. In terms of stability, the p-type films 
suffer from photoconductivity issues, most likely because of the abundance of the deep 
280 meV nitrogen-induced level. The resistivity changes by as much as 20% under room 
light exposure and the carrier type can fluctuate because of the generation of electron-
hole pairs. The applicability of such p-type material into optical devices is questionable 
because the reliability of the device would have to depend on the level of hole 
conduction. These conclusions stimulate the search for a better acceptor, such as 
phosphorus. Chapter 5 focuses on the effects of phosphorus doping on the microstructure 
and optoelectronic properties of ZnO. 
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Table 4.1  Room-temperature electrical properties of undoped and N-doped ZnO films 
before and after annealing in O2 at 600 C. Each sample is 0.5 μm-thick. 











































































Figure 4.1 (a) Thermal gravimetric analysis of Zn3N2 powder in air and nitrogen 
atmospheres. (b) Temperature-dependent X-ray diffraction measurements conducted in air. 
The (i), (ii), (iii) and (iv) traces correspond to Zn3N2 powder annealed at 500C, 550C, 





Figure 4.2 (a) Secondary-ion mass spectroscopy of nitrogen in a 500 nm-thick p-type 
nitrogen-doped ZnO fabricated at 300C. (b) Dependence of the nitrogen solubility in 
ZnO (open squares) and film crystallinity (circles) on the growth temperature, 
according to NRA and 0002 ZnO rocking curve measurements. The experimental 





Figure 4.3 (a) Temperature dependences of the carrier concentration in n-type (squares) 
and p-type (circles) nitrogen-doped samples. The least-squares fit to the hole 
concentration in p-type ZnO yields EA=105±5 meV. (b) Temperature dependences of the 
Hall mobilities. (c) Fit to the Hall mobility of a p-type sample using the Petritz model. 















Figure 4.4 Photoluminescence spectra at 6 K of (a) undoped ZnO, (b) n-type nitrogen-
doped ZnO and (c) p-type nitrogen-doped ZnO fabricated at 300C. Note the DA 
transitions at 377.3 and 396.0 nm in the p-type film. 
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Figure 4.5 (a) Symmetric XRD -2 scan and (b) asymmetric 11-24 -scan of a nitrogen-
doped ZnO sample deposited at 300C. All nitrogen-doped films grow epitaxially on the 
(0001) Al2O3 substrate in one step, contrary to other processes, which rely on the 





Figure 4.6 Schematic drawing of the epitaxial orientation relationship between ZnO and 

























Figure 4.7 Bright-field low-magnification TEM images of (a) p-type nitrogen-doped ZnO 
fabricated at 300C and (b) n-type nitrogen-doped ZnO fabricated at 400C. Note the 











 First-principles predict that in ZnO doped with As or Sb under oxygen-rich 
growth conditions, a complex between a group-V antisite and two zinc vacancies may 
have a low formation energy and introduce a 150-160 meV shallow acceptor level.
33
 Lee 
et al. used the same concept to model the effect of phosphorus in ZnO.91 The calculations 
predict that doping ZnO with phosphorus under oxygen-rich conditions may induce two 
acceptors: the zinc vacancy (VZn) and the PZn-2VZn complex. The formation and 
ionization energies of these two acceptors depend on the chemical potential of oxygen 
and phosphorus during growth, the latter depending on the choice of the dopant source 
(P2O5 or Zn3P2). The conclusion of these theoretical studies is that large-size group-V 
dopants are amphoteric; they act as a donor when forming an isolated antisite, but as an 
acceptor when the antisite complexes with two zinc vacancies.  
 Experimentally, phosphorus doping has been investigated widely due to the 
availability of phosphorus oxide (P2O5) and zinc phosphide (Zn3P2) powders, which are 
used to prepare phosphorus-doped ZnO sputtering targets, or directly as dopant sources in 
vapor phase epitaxy. Phosphorus-doped ZnO (PZO) films have been fabricated by 





metallic vapor phase epitaxy
187
 (OMVPE) and molecular beam epitaxy.
87
 Heo et al. 
achieved p-type conduction in phosphorus-doped ZnO films fabricated under 100-150 
mtorr O2 only when a dilute concentration of Mg was added to enlarge the band gap and 
increase the formation energy of donors.
85
 Hwang et al. observed p-type behavior in 





 The level of hole conduction they achieved is the highest ever 
reported so far with 

p~1017-1019 cm-3, ~0.6-4.4 cm and =0.5-3.5 cm2/Vs. More 
recently, Xiu et al. reported the growth by molecular beam epitaxy of textured p-type 
films of relatively high hole concentrations (

p=61018 cm-3) and insisted on the 
inevitable competition between donors and acceptors in P-doped ZnO depending on the 
growth temperature.
189
 Though it would appear that a great many synthesis routes leading 
to p-type conduction in P-doped ZnO exist, most of them suffer from reproducibility 
issues. Furthermore, there exists no report of the effect of phosphorus on the 
microstructure of ZnO. 
 The greatest challenge towards p-type conductivity in ZnO lies in understanding 
its intrinsic and doping-induced defects. For example, the pinning effect of the dopant on 
dislocation slip and electrical passivation by gettering can strongly affect the conductivity 
type of ZnO films.
190,191
 Furthermore, depending on the process, p-type conductivity in 
phosphorus-doped ZnO films may require an annealing treatment. The exact role of post-
growth annealing and the concept of acceptor activation are unclear in ZnO. In Mg-doped 
GaN grown by OMVPE, a post-deposition anneal is required to eliminate hydrogen, 
which is known to passivate the Mg acceptor. However, the reason for annealing ZnO 
layers grown by sputtering, pulsed laser deposition or molecular beam epitaxy and the 
annealing effect on their microstructures are unclear. 
In this chapter, the microstructures of phosphorus-doped ZnO films grown 
heteroepitaxially on (0001) sapphire substrates and homoepitaxially on (0001) ZnO 
substrates are characterized. The role of defects on the epilayer electrical properties and 
photoluminescence is addressed. The third section focuses on a more general effort to 
improve the photoluminescence of P-doped ZnO by relying on oxygen plasma-assisted 
growth. It will be seen that the dominant acceptor in phosphorus-doped ZnO and thus the 
epilayer conductivity type depend on the oxygen chemical potential during growth. 
  
5.2 Heteroepitaxial growth of P-doped ZnO on (0001) Al2O3  
 5.2.1 Introduction 
 In this section, the microscopic defects in heteroepitaxial ZnO films doped with 
phosphorus are studied, and the growth temperatures (






TA ) at which stable p-type conductivity can be obtained are determined. The dependence 
of the conductivity type on 

TG  is a parameter that first-principles calculations, performed 
at 0 K, can not take into account, hence the need for systematic studies. 500 nm-thick P-
doped ZnO films were deposited on (0001) sapphire at temperatures between 400 C and 
800 C. The O2 pressure was fixed to 2.710
-2
 mbar. The P2O5 amount in the ZnO target 
was fixed to 1 wt. %, corresponding to a P concentration of 1.2 at. %. The best 
experimental condition for p-type ZnO was determined to be 

TG=600 C, followed by 
annealing at 

TA=600 C in 1 atm. O2 gas, and a P2O5 doping amount of 1 wt. %. The 
onset of good p-type conductivity is always accompanied by a considerable increase in 
the density of dislocations, as showed by transmission electron microscopy (TEM). 
Secondary ion mass spectroscopy (SIMS) shows a significant increase in phosphorus 
solubility. These results suggest that 

TG  and 

TA  control the density of dislocations, which 
in turn controls the phosphorus solubility. Furthermore, as gettering centers for zinc 
interstitials, the dislocations facilitate the formation of zinc vacancies that can stabilize 
the PZn-2VZn acceptors. Electrical and photoluminescence (PL) measurements show the 




 5.2.2 Effect of phosphorus on the optoelectronic properties of ZnO 
 The room temperature electrical properties of different ZnO films are shown in 
Fig. 5.1(a)-(c) and summarized in Table 5.1. For films as-deposited at 600 °C, the Hall 
mobility monotonically decreases with an increase in the phosphorus concentration 

[P ]. 
The carrier concentration and conductivity increase as 

[P ] increases, showing that 
phosphorus induces donors in ZnO, either via the formation of PZn antisites
92
 or via the 
generation of native donor defects. The Hall mobility of films deposited at 800 °C is 
relatively independent of the phosphorus concentration while that of films deposited at 
600 °C drops when 

[P ] increases. 
 All as-deposited PZO films show n-type conductivity and are more conductive 
than the corresponding undoped films. Although the PZO films as-deposited at 600 °C 
using a 1 wt. % P2O5-doped target are n-type, they become p-type after thermal annealing 
in O2 at 600 C. Results of field-dependent Hall-effect measurements at room 
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temperature are shown in Fig. 5.1(d) and confirm the positive slope in the Hall 









p=1.31017 cm-3.  
 Results of low-temperature Hall measurements of undoped ZnO, n-type PZO 
deposited at 800 °C and p-type PZO deposited at 600 °C are shown in Fig. 5.2. The 
slowly increasing mobility with measurement temperature of p-type PZO shows that 
impurity and dislocation scattering are the dominant scattering mechanisms. Note that 
these scattering mechanisms are consistent with the high density of crystal defects 
induced by heavy phosphorus doping (see section 5.2.4). For the PZO sample deposited 
at 800 °C, the mobility exhibits two regimes and peaks at ~100 K.  
 The temperature dependence of the carrier concentration of the p-type sample was 
fitted using the charge balance equation assuming a single donor-single acceptor model. 

















ND  is the residual donor level density,

NA  is the acceptor concentration and under 





















































  (5.4) 




NA , a plot of 

ln( p(T) /T 3 / 2)  as a function of 

1/kT  yields a 
straight line with a slope equal to 

EA . Figure 5.2(d) shows the corresponding fit, which 
gives an activation energy 

EA~120±5 meV. 
 For the n-type PZO sample, the charge balance equation was fitted using Eq. 

























. The physical meaning of 

D2  is uncertain at this point, yet the two band model is 
necessary to maximize the accuracy of the fit. 
 Figure 5.3 is a typical transmittance spectrum of a 2 m-thick PZO film deposited 
at 600 °C. All phosphorus-doped ZnO films are 80 % transparent or more in the visible 
range. No obvious dependence of the absorption edge (381±3 nm) on the phosphorus 
concentration was observed.  
 Figure 5.4(a) shows the PL spectra at 6 K of several ZnO films. The PL spectrum 
of undoped ZnO [spectrum (i)] was studied in details in section 4.3. The PL spectrum of 
n-type PZO grown at 800 °C [spectrum (ii)] is characterized by broader transitions. The 
evolution of the energy position of the dominant recombination line in n-type PZO was 




=5.3×10-4 eV.K-1 and 

=350 K. The thermal decay of the integrated intensity of this 
bound exciton was fitted to Eq. (4.5). The fit gave an exciton binding energy of 5.7 meV 
and an activation energy of 35 meV, in relatively good agreement with the energy 
derived from the fit to the CBE. This activation energy could be that of the PZn antisite, 
which forms a shallow donor according to first-principles calculations.
77
 More work is 
needed to confirm this assumption.  
In contrast, PZO samples grown at 600 °C [spectrum (iii)] show a significantly 
quenched and broadened near-band-edge (NBE) luminescence due to the high density of 
non-radiative recombination centers induced by phosphorus doping. In addition, the 
luminescence is redshifted from 368.2/368.9 nm (3.3673 eV/3.3609 eV) to about 369.5 
nm (3.3555 eV) due to the internal deformation potentials induced by phosphorus. After 
annealing, the shoulder observed in as-deposited samples near 371.5 nm (3.3374 eV) 
becomes dominant in p-type PZO [spectrum (iv)].  
 Several interpretations of the nature of the 371.5 nm transition can be given: it 
may be the optical signature of an acceptor-bound exciton, which would be consistent 
with the electrical properties. Yet, such argument calls for magnetic-field dependent 
spectroscopy and measurements of the Zeeman splitting. The line could be a two-electron 
satellite of a donor-bound exciton with a pronounced strain effect in the film. Yet, the 
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absence of a donor ground state in the spectrum rules this possibility out. Thirdly, it may 
be an overlap of various transitions as a result of the high defect density in the PZO film.  
 If the 371.5 nm transition corresponds to an acceptor-bound exciton, the exciton 
binding energy cannot be calculated from Eq. (3.10) because of the deformation 
potentials induced by phosphorus. The temperature dependence of the energy position of 









=300 K. Yet, it did not follow that of the donor-bound exciton in the as-
grown n-type PZO sample, thus excluding the possibility that the 371.5 nm line is a two-
electron transition of the shallow donor. The temperature dependence of the integrated 
intensity of the 371.5 nm line shown in Fig. 5.3(b) was fitted to Eq. (4.5). 
 The localization energy 

Eloc of the acceptor corresponds to the activation energy 
driving the quenching of the line at low temperature. From the fitting of the data 
measured between 20 K and 80 K, 

Eloc=15.0 ± 2.0 meV was obtained, a value that is 
close to the localization energy of the I6 transition commonly assigned to Al.
70
 Depending 
on the nature of the transition (donor-bound exciton or acceptor-bound exciton), the 
application of Haynes rule
150
 gives different defect activation energies. Under the 
assumption that the transition is of the acceptor-bound exciton type, an activation energy 
of 150 meV would be derived, in good agreement with our electrical measurements and 
first-principles calculations for the acceptor complex;
33
 yet it should be taken with 
caution in the light of the numerous assumptions required to derive this result.  
 Of interest is the existence at 656 nm (1.89 eV) of a broad (FWHM=150 nm) and 
unstructured red band in as-deposited and p-type PZO films fabricated at 600 °C. Since 
undoped samples fabricated under the same conditions do not exhibit any red 
luminescence, it is natural to assign this deep level emission to a phosphorus-induced 
deep gap state. This result agrees with earlier work published by Heo et al.192 However, 
the red band was not observed in PZO samples deposited above 700 C. The microscopic 
origin of this deep level may therefore be related to a transition between the PZn-2VZn 
complex and an intrinsic deep donor level in ZnO such as the oxygen vacancy. 
 In conclusion, while heavy doping with phosphorus is required to achieve p-type 
conductivity with p~1017 cm-3, the visible luminescence is significantly quenched. This 
issue will be addressed in section 5.4. 
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 5.2.3 Temperature dependence of the phosphorus solubility 
 In pulsed laser deposition, the transfer of stoichiometry from the target to the 
substrate depends on various parameters such as the growth temperature, the oxygen 
backfill pressure or the target uniformity. In this work, the oxygen pressure is fixed 
(2.710
-2
 mbar) and compositional non-homogeneities in the target are ignored. 
 The phosphorus depth-profiles in PZO deposited at 600 C and 800 C were 
measured by SIMS. A phosphorus-implanted ZnO sample was used as the reference. 
Figure 5.5 shows the SIMS measurements of P in films grown at 600 C and 800 C. P 
distributes uniformly (















=0.8 at. % P in ZnO. Compared 
with the nominal doping of the target (1 wt. % P2O5 in ZnO translates into 1.2 at. % P in 
ZnO), this concentration corresponds to a transfer of about 71 % of P. On the other hand, 

[P ] decreases rapidly when 

TG  increases. In particular, at 

TG= 800 C, there is a 
significant segregation of phosphorus to the film surface, where 






, and to the interface with the sapphire substrate, where 























ED=35 meV. The smaller than 








[P ] in n- and p-type samples, respectively) 
suggest heavy compensation of the free carriers. 
  
 5.2.4 Effect of phosphorus on the crystallinity and microstructure of ZnO 
 The crystallinity of the PZO films was characterized by X-ray diffraction (XRD) 





  scan in Fig. 5.6(a). All films studied in this work were grown 
epitaxially on Al2O3without rotational domains, as shown by the 

 -scan of the ZnO 

1124 
reflection in Fig. 5.6(b). The in-plane and out-of-plane crystallinities were evaluated by 

-scans of the 0002 and 

1012 reflections. It can be seen from Fig. 5.6(c) and 5.6(d) that 
PZO films grown at 600 °C have significantly broader rocking curves than films grown at 
800 °C.  
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 To understand the origin of the broadening, the tilt angles were determined by a 
Hall-Williamson analysis
137
 and the twist angles were determined by 

-scans of off-axis 
planes in the skew symmetric diffraction geometry. Under the assumption of random 
dislocation arrangement, the tilt and twist angles can be used to calculate the dislocation 




//c) is proportional to the square of the tilt angle while the density of 




c ) is 











b is the magnitude of the Burgers vector of the dislocation, 

  is the mosaic angle 
and 

  is the dislocation density. Table 5.2 summarizes the average mosaic angles and 
threading dislocation densities. The significant increase of both tilt and twist angles with 
][P  indicates the degradation of the film crystallinity. In addition, these observations are 
consistent with the temperature dependence of the hole mobility in PZO since the effect 
of dislocation scattering can no longer be ignored in the layers grown at 600 °C. 
The vertical line defects in Fig. 5.7(a) and 5.7(b) are dislocations that originate 
from the film/substrate interface due to the large lattice mismatch between ZnO and 
Al2O3, and thread to the film surface. Numerous interactions between dislocations happen 
within the first 500 nm. These interactions result in defect reduction via half-loop 






extinction criterion in diffraction contrast, we estimated that most dislocations were either 
edge or mixed-type. This observation is consistent with simple energy considerations 
since the dislocation nucleation energy of screw dislocations in ZnO is 1.3 times larger 
than that of edge dislocations. It is worth noting that the TEM images of the undoped 
ZnO films grown at 600 °C [Fig. 5.7(a)] and PZO films grown at 800 °C [Fig. 5.7(b)] 
show similar densities of dislocations. Figure 5.7(c) shows the microstructure of a p-type 
PZO film at 600 C. It is evident from Fig. 5.7(c) that there exists a high density of 
threading dislocations throughout the film. Besides the lattice mismatch, the pinning 
effect of phosphorus on the dislocation motion during growth could also contribute to the 
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c  are directly related. These 
observations are consistent with the XRD results shown in Table 5.3. 
 Figure 5.8(a) is a high-resolution TEM (HRTEM) image showing the atomic 
structure of the interface between the PZO film grown at 600 C and the sapphire 
substrate. All studied films formed atomically sharp interfaces with Al2O3. The most 
abundant defect in PZO is the interstitial-type dislocation loop, which proceeds by the 
insertion of half a unit cell in the basal plane. The dislocation loop segments are 10-15 
nm on average. Several loops can be seen in Fig. 5.8(b). Figure 5.8(c) shows the atomic 
arrangement around a single interstitial dislocation, which can be simulated using a ball 
and stick model as shown in Fig. 5.8(d). This defect results in a distortion of the lattice 
with a local zincblende stacking of the basal planes around the loop. The relationship 
between dislocation loops and stacking faults is not trivial; however it appears that 
dislocation loops existing in undoped material contain a stacking fault. The so-formed 
fault is an extrinsic fault bound with two Frank partial dislocations with a Burgers vector 
of 

1/2  0001. This fault can transform into a low-energy intrinsic fault by the 
nucleation and sweep of a Shockley partial according to the following reaction: 

1/3[1100]1/2[0001]1/6[2203]. The hexagonal basal plane is preferred for the 
precipitation of interstitials because it is the closest packed plane. 
  Stacking faults corresponding to disruptions in the -aAbB- stacking sequence 
along the 0001 direction with a shear of 

a /3 along the 

1010 direction were also observed 
in phosphorus-doped ZnO.
194
 These faults are terminated by one or a pair of dislocations. 






are therefore mixed-type Frank-Shockley partial dislocations.
194
 The formation 
mechanism of such faults in ZnO/Al2O3 has been discussed by Gerthsen et al.
195
 The 
faults form by condensation or precipitation of native donor defects (oxygen vacancies or 
zinc interstitials) and their concentration depends on the II-VI ratio during growth. These 
defects were statistically not the dominant defects in phosphorus-doped ZnO. 
 
  5.2.5 Microscopic origin of p-type conduction in ZnO 
Due to the large size mismatch between P and O atoms, the P dopants, existing as 
PZn antisites, bind with two zinc vacancies to form a complex defect PZn-2VZn to relieve 
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the strain energy associated with the PZn antisites, as predicted by theory.
33
 Such 
complexes are shallow acceptors and ionize holes, resulting in p-type conductivity 
provided the native donor concentration is reduced by post-deposition annealing. Figure 
5.9 shows the structure of the PZn-2VZn complex in the ZnO lattice. Let us assume that 





. Assuming that the equilibrium concentration of zinc vacancies is 




, and that only one half will participate into energy minimization 
interactions with phosphorus antisites, the concentration of PZn-2VZn complexes should 






. As the complexes form, the equilibrium concentration 
of zinc vacancies decreases by 50 %. This decrease is compensated by the injection of 
zinc vacancies, which increases the net acceptor complex concentration and induces 
Frenkel pair formation in order to balance the overall charge. The precipitation of excess 




 interstitial dislocation loops, as observed by 
TEM. Therefore, it can be concluded that phosphorus complexes induce interstitial 









). In addition, the gettering 
of shallow residual donors such as zinc interstitials by the fault results in a lower electron 
concentration and a compensation ratio / ~10 100A DN N   in agreement with the SIMS 
and electrical results. 
For practical optoelectronic applications, the p-type layer is usually grown atop a 
multilayered homojunction structure such as that shown in Fig. 1.1. Thus, two questions 
are raised: (1) what are the microscopic defects in P-ZnO films grown homoepitaxially 
on ZnO substrates and what effects do they have on the macroscopic properties? (2) Does 







5.3 Homoepitaxial growth of P-doped ZnO on (0001) ZnO 
 5.3.1 Introduction 
 Homoepitaxy has the advantage of reducing the density of crystal defects, 
offering potentially higher quantum efficiencies in ZnO optical devices. Thus, there is a 
strong motivation to study and understand the role of crystal defects on the conductivity 
type of homoepitaxial ZnO layers doped with phosphorus, and generalize the model 
discussed in Ref. 196.  
 The homoepitaxial layers studied in this section were deposited at 600 °C on 
hydrothermally-grown and pressurized-melt grown ZnO substrates by laser ablation of a 
1 wt. % P2O5-doped ZnO target in 2.710
-2
 mbar O2. The growth rate was 0.5 Å/s. 
 
5.3.2 Results and discussion 
Fig. 5.10 shows the phosphorus depth profile measured by secondary-ion mass 
spectroscopy of a 185 nm-thick homoepitaxial PZO film. It can be seen that phosphorus 



















2  XRD pattern for a homoepitaxial p-type PZO 
film. The c-axis of the homoepitaxial film is subject to a compressive strain, consistent 
with the lattice dilation induced by phosphorus. The full-width at half-maximum 
(FWHM) value is 90 arcsec in comparison with 33 arcsec for the substrate. The 





  between two consecutive fringes is inversely proportional to the 
epilayer thickness 







  (5.6) 
where 

=1.54 Å is the wavelength of the Cu 

K  radiation, 

  is the angle formed 
between the asymmetric plane considered and the basal plane of ZnO and the sign 
depends on the measurement geometry (see section 3.2.1). Eq. (5.6) gives 

t=193 nm, in 
excellent agreement with the thickness determined by SIMS and TEM. 
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The strains in the epilayer were estimated by asymmetric reciprocal space 
mapping of the 

1015 reflection of ZnO. Using the lattice parameters (

cZnO=5.2069 Å and 

aZnO=3.2495 Å) of bulk ZnO as reference, the lattice constants of the homoepitaxial PZO 
film were determined to be 

cPZO=5.2232 Å and 













1 3.7104  (5.7b) 
corresponding to an increase of only 0.35% in the 

c /a ratio. Note that the deformation 
induced by phosphorus is mostly concentrated along the growth axis of the epilayer. 
Table 5.3 compares the FWHMs of the 0002 and 2110  reflections and the strains 
c and 
a . It can be seen that broadening and strains are dramatically reduced by homoepitaxy.  
Figure 5.12(a) is a cross-sectional TEM image showing the microstructure of 





) observed in heteroepitaxial films grown under the same 
conditions.
196
 The primary defects in PZO/ZnO appear to be short dislocation loops in the 
0001 plane and their associated partial dislocations, consistent with our TEM 
observations of heteroepitaxial samples.
196
 Figure 5.12(b) is a representative high-
resolution TEM micrograph showing the atomic structure of a pair of partial dislocations 
belonging to a dislocation loop. According to our TEM observations, the density of 
interstitial-type dislocation loops is higher in phosphorus-doped layers than in undoped 
layers, most likely for the reason described in section 5.2.5.
198
  
Since the (0001) ZnO substrate is semi-insulating with a resistivity of ~10
3
 cm, 
the electrical properties of homoepitaxial PZO films can be measured. All as-grown 
homoepitaxial PZO films show n-type conductivity but become p-type after annealing at 
600 C in 1 atm O2, consistent with what we observed for heteroepitaxial films. Table 5.4 
provides a comparison of the electrical properties at room temperature of hetero- and 
homoepitaxial PZO samples.  
Results from variable-temperature Hall-effect measurements of the homoepitaxial 
films before (n-type) and after annealing (p-type) are shown in Fig. 5.13(a) and 5.13(b). 





 The following donor activation energies and concentrations were obtained: 















and the acceptor 




. In contrast, no good fit to the CBE could be obtained 
for the p-type homoepitaxial sample possibly because of the uncertainty of the 
degeneracy of holes.
89
 Yet, the plateau in the hole concentration suggests freezing of the 
free carriers followed by gradual ionization of the neutral acceptor.  





 edge-type threading dislocations, the partial dislocations 
with a Burgers vector 

b1/60223 can also scatter carriers when charged. We 
included dislocation scattering in Matthiessen’s rule to fit the hole mobility in Fig. 
5.13(b) and found that a good fit could be obtained only between 180 and 300 K, 









. Since this dislocation density is on the same order as the density of partial 
dislocations we calculated by TEM, we suggest that the lines of the partial dislocations 
become charged as the acceptor complex gradually ionizes above 180 K. The Hall 
mobility in n-type homoepitaxial PZO shows a maximum H=590 cm
2
/Vs at 60 K and its 
temperature dependence is almost entirely dominated by piezoelectric scattering. The 
strength of dislocation scattering is weak possibly because the acceptor complexes are 
neutral or gettered at the dislocation lines. 
Figure 5.14 shows the PL spectra at 12.5 K of the p-type homoepitaxial and 
heteroepitaxial PZO layers. For comparison, the PL spectra of bulk ZnO and of undoped 
ZnO grown on (0001) sapphire at 600 C are also shown. Their NBE luminescence is 
dominated by free and bound-excitons along with their excited states and phonon 
replicas. The NBE luminescence of both PZO layers is dramatically quenched and 
broadened due to the high density of non-radiative recombination centers induced by the 
phosphorus dopant. The NBE luminescence of the homoepitaxial layer features two 
donor-bound excitons at 368.16 nm and 368.46 nm, and is dominated by a 372.56 nm 
transition. In a variety of heavily phosphorus-doped n-type and p-type ZnO samples, 
dominant transition was observed in a 372.3-373 nm range. These transitions were 
tentatively assigned to 

Y -lines. In the case of PZO/ZnO, our TEM studies show that the 
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dominant defects are the interstitial dislocation loops bound with Frank-Shockley partial 
dislocations. Thus, the 372.56 nm 

Y -line in homoepitaxial phosphorus-doped ZnO may 
correspond to excitons bound to these defects or to point defects trapped in the strain 
fields of the partial dislocations. Direct correlations between the dislocation loop density 
and the strength of the 

Y -line remain to be demonstrated.  
In conclusion, while heavy phosphorus doping is necessary to obtain p-type 
conductivity, the epilayer photoluminescence is strongly degraded by the high density of 
crystal defects. One solution to minimize non-radiative recombination is to lower the 
phosphorus concentration in the film while ensuring annihilation of native donors, 
possibly with the help of an O2 plasma during growth. 
 
5.3.3 Generalization of the model for p-type conduction in P-doped ZnO 
The onset of p-type conductivity in both hetero- and homoepitaxial P-doped ZnO 
films can be explained by the same model. The electrical measurements conducted on p-
type PZO/ZnO films show that the dominant acceptor localizes in the lines of the partial 
dislocations. Thus, it can be concluded that the key defects responsible for the complex 
acceptor formation (and for the p-type conduction in P-doped ZnO) are the partial 
dislocations associated with the interstitial dislocation loops. They electrically passivate 
mobile zinc interstitials (donors) by gettering and localize shallow acceptors formed by 
the reaction between PZn antisites (which spontaneously form in P-doped ZnO) and Zn 
vacancies (which are induced by Frenkel pair formation). Note that the role of oxygen 
annealing is to further minimize the residual electron concentration and favor the 
acceptor complex formation so that 
A DN N . 
 
5.4 Effect of oxygen plasma on the optoelectronic properties of P-doped ZnO  
  5.4.1 Introduction 
 While p-type conductivity (p~1-31017 cm-3) can be observed in P-doped ZnO, 
the epilayer luminescence yield is strongly degraded by the high density of non-radiative 






). Since the 
internal quantum efficiency of ZnO optical devices is strongly dependent on the 
luminescence of the epilayers, there is a need to grow p-type ZnO materials with good 
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optical properties. Recently, various groups have investigated the optical properties of P-
doped ZnO films, yet little microscopic information on the formation mechanism of the 
acceptor has emerged. Von Wenckstern et al. observed a donor-acceptor (DA) 
recombination between 3.21 and 3.26 eV in n-type films deposited by laser ablation of 
P2O5-doped ZnO targets,
186
 while Kwon et al. observed DA recombination at 3.24 eV in 
sputtered p-type films.199 
 In an effort to improve the NBE luminescence of P-doped ZnO, light doping of 
ZnO by P was explored. Since compensation can be an issue in lightly doped films, 
oxygen plasma-assisted growth was used to maximize the formation energy of hole 
killers by moving toward more oxygen-rich growth conditions. A violet luminescence 







) grown with oxygen-plasma. The transition was studied by 
excitation-intensity and temperature-dependent PL measurements, and assigned to a DA 
transition. In comparison with results from undoped ZnO films fabricated under the same 
conditions, we conclude that the acceptor is induced by doping with phosphorus. The 
acceptor may be the native zinc vacancy. These results bring an experimental proof to the 
theoretical work by Lee et al.91 Yet, it is unlikely to observe p-type conduction in such 
films because the zinc vacancies are too deep to overcome the electron concentration 
induced by PZn donors. 
 The sample studied in this section was grown the following way: a 50 nm-thick 
undoped ZnO buffer layer was initially deposited at 350 ºC in 2.7×10
-4
 mbar O2. A 1 m-
thick phosphorus-doped ZnO epilayer was then deposited at 600 ºC using the conditions 





, according to the SIMS analysis.  
 
 5.4.2 Results and discussion 
 The PL spectra at 12.5 K of undoped and P-doped ZnO films are shown in Fig. 
5.15. The electrical properties of the samples are summarized in Table 5.5. The spectrum 
of undoped ZnO is dominated by three donor-bound exciton (DX) transitions at 368.27 
nm (3.3667 eV), 368.74 nm (3.3624 eV) and 369.14 nm (3.3587 eV). The other lines are 
longitudinal optical (LO) phonon replicas, separated by 

ELO=72 meV, and excited states 
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associated with free and bound excitons. In contrast with undoped ZnO, a transition 
appears at 398.68 nm (3.1099 eV) in the P-doped film. The recombination band has a 
full-width at half-maximum of 0.04 eV and shows a pronounced phonon coupling with 
five visible replicas.  
 To identify the nature of the 3.1099 eV transition, the evolution of its normalized 
intensity 

I  as a function of the excitation intensity 

F  was studied. The experimental data 
was fitted to a power law, FI  , where 

  is a dimensionless exponent. For free or 
bound-excitons, 1<

<2, while for free-to-bound and DA transitions, 

 ≤1.163 As seen in 
Fig. 5.16(a), a good fit to the data was obtained with 

 =0.65, thus eliminating bound-
exciton complexes. Excitation intensity-dependent PL measurements were also 
conducted. It was found that the energy position of the band at 12.5 K depended on the 
excitation intensity as shown in Fig. 5.16(b). The transition energy is blue-shifted by 14.3 
meV when 

F  increases from 10-3 W/cm2 to 5×10-1 W/cm2. As discussed in section 
3.6.2.4, a blueshift under increasing excitation intensity is characteristic of DA 
transitions.
149
 Thus, the 3.1099 eV band was attributed to a DA transition. 
 The effect of the phosphorus concentration 

[P ] on the DA transition is 
summarized in Table 5.6. We found that the transition energy redshifted when 

[P ] 
increased, possibly because of increasing potential fluctuations and decreasing Coulomb 
energy. The blueshift E followed a power law 

E [P]  where 

=0.346, as 
determined by a least-squares fit to the data shown in Fig. 5.16(c). This observation is in 
good agreement with Eq. (3.16) combined with Eq. (3.17). Indeed, 

=0.346 agrees with 
the fact that EDAP scales linearly with 

[P]1/ 3. 
 Figure 5.17 is a semi-log plot of the PL intensity of the DA transition as a 
function of inverse thermal energy. It shows that the intensity gradually decreases as the 
thermal energy increases. The DA transition quenches at 

T  > 160 K and its integrated 








, 1E =42.2±0.8 meV, and 2E =6.9±0.6 meV. The quenching was therefore 
attributed to the thermalization of electrons bound to a donor of activation energy 
1E =42.2 meV. Note that 2E  could correspond to the donor localization energy.  
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 Since no free electron-to-conduction band transition was observed on the high-
energy side of the DA band at elevated temperatures, the acceptor energy had to be 
estimated. Assuming infinite pair separation, the contribution of the Coulomb energy in 




GE =3.4369 eV. Taking DE =42.2 meV and 

EDAP()=3.0585 eV, we find 
AE =336±10 meV using Eq. (3.16).  
 Another approach is to use the fact that the Bohr radius of the carrier bound to a 
neutral defect is correlated to the free carrier-phonon coupling.
200
 The Huang-Rhys factor 
S,149 which characterizes the coupling strength, is determined from a Poisson distribution, 
as discussed in section 3.6.2.3. Using Eq. (3.14), we found S=0.29, showing a weak 
coupling, yet in agreement with other reports of DA transitions in ZnO.
155,181
 S=0.29 
corresponds to a pair separation r=3 nm, according to the model described in Ref. 200. 
Using Eq. (3.16), we determined a Coulomb energy of 55 meV and an activation energy 
EA=339±5 meV, in excellent agreement with our previous calculation. 
 To further understand the acceptor characteristic, we studied the thermal stability 
of the DA transition by annealing at different temperatures (

TA ) the P-ZnO film in O2 for 
one hour. Figure 5.18 shows the effect of the annealing temperature 

TA  on the 
luminescence of phosphorus-doped ZnO. It can be seen that the violet band begins to 
quench at 

TA=700 ºC and vanishes completely at 

TA=900 ºC, suggesting that one of the 
gap states involved in the DA transition has been entirely annealed out or has 
decomposed. In parallel, the resistivity and electron concentration of the films change 
only slightly with annealing, from 







 in the as-
grown P-doped film, to 







 in the film annealed at 
900 ºC. This is consistent with the fact that the acceptor forms a deep level that cannot 
compensate the electrons ionized by PZn donors. Note that the increase in the green band 
intensity after a 900 ºC anneal in O2 was also observed in undoped ZnO, suggesting that 
the enhancement of the defect-related emission is a phenomenon intrinsic to ZnO, and not 
induced by P-doping. 
 The acceptor introduced in lightly P-doped ZnO grown under O-rich conditions 
(created by the oxygen plasma) may be the zinc vacancy rather than the PZn-2VZn 
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complex. Depending on the charge states considered, various transition energies have 






 and 0.3 eV,
201
 in 
good agreement with the above calculations. Despite the spontaneous formation of PZn 
antisites (responsible for the n-type conduction in the as-grown films) and the injection of 
zinc vacancies by crystal defects, the shallow PZn-2VZn complex may not form after 
annealing because there are no energy-minimization interactions between the VZn and PZn 
defects under O-rich growth conditions, in agreement with first-principles calculations.
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Note that the quenching of the DA transition with annealing can be explained by the self-





 The conductivity type in P-doped ZnO is determined by the interactions between 
native point defects and doping-induced crystal defects. The role of dislocations on the 







) is necessary to compensate the residual electron concentration in 
the films and obtain p-type conductivity. As a result, the NBE photoluminescence is 
substantially quenched because the crystal defects, mainly interstitial dislocation loops, 
are non-radiative recombination centers. The use of an O2 plasma during growth results 
in a stronger NBE photoluminescence and introduces a violet band, which was assigned 
to a DA transition. Based on its activation energy, it is possible that the acceptor involved 
in this transition is the zinc vacancy. This illustrates one aspect of the doping limit rule, 
which is to induce the formation of native acceptor defects that will counteract the donor 
defects spontaneously formed by phosphorus. These results also bring an experimental 
proof to the predictions by Lee et al. and show that in P2O5-doped ZnO, moving towards 
oxygen-rich conditions may not lead to p-type conductivity because of the difficulty to 
ionize the dominant acceptor at room temperature. 
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Table 5.1 Room-temperature electrical properties of undoped and P-doped ZnO films 























































































Table 5.2 Tilt angle, twist angle, and densities of threading dislocations in undoped ZnO, 






















































Table 5.3 Comparison of X-ray diffraction rocking curve half-widths and biaxial strains 















































Table 5.4 Electrical properties at room temperature of n-type and p-type heteroepitaxial 














































Table 5.5 Electrical properties at room temperature of undoped ZnO and P-doped ZnO 
films grown by oxygen plasma-assisted PLD. The film thickness is ~1 μm and the anneal 


















































Table 5.6 Effect of the phosphorus concentration on the energy position, energy shift, 
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Figure 5.1 (a) Resistivity, (b) Hall mobility and (c) carrier concentration at room 
temperature of various ZnO films as a function of the phosphorus concentration in the 
P2O5-doped ZnO sputtering target. The triangles correspond to TG=800C, the circles to 
TG=600C and the squares to TG=600C, followed by annealing at TA=600C. The arrows 
point to the p-type samples. (d) Field-dependent measurement of the Hall coefficient in p-





Figure 5.2 Temperature dependences of the (a) conductivity, (b) Hall-mobility and (c) 
carrier concentration of different ZnO films. The triangles, circles and squares 
correspond to p-type PZO, n-type PZO and undoped ZnO respectively. (d) Fit to the 
charge balance equation for a p-type PZO heteroepitaxial film giving an acceptor 









Figure 5.4 (a) PL spectra at 6 K of (i) n-type PZO grown at 800C, (ii) undoped ZnO 
grown at 600C, (iii) as-grown PZO at 600C, and (iv) p-type PZO grown at 600C. (b) 
Temperature dependence of the integrated intensity of the 371.5 nm transition. The 





Figure 5.5 Secondary-ion mass spectroscopy of phosphorus in heteroepitaxial PZO films 
grown at (i) 600C and (ii) 800C. 
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Figure 5.6 (a) Typical θ-2θ scan of PZO films grown on (0001) Al2O3. (b) Corresponding 
11-24 ZnO -scan showing the 6-fold symmetry of the wurtzite structure and the absence 
of rotation domains in PZO. (c) 0002 and (d) 10-12 ω-scans of heteroepitaxial PZO films 





Figure 5.7 TEM images of (a) undoped ZnO grown at 600C, (b) n-type PZO grown at 
800C, and (c) p-type PZO grown at 600C. Note that the dislocation density increases 






Figure 5.8 (a) HRTEM image showing the atomic structure of the interface between the 
PZO film grown at 600C and the sapphire substrate. (b) HRTEM image showing the 
existence of partial dislocations associated with nano-sized stacking faults in the 0001 
plane of p-type PZO. (c) Interstitial dislocation loop and (d) corresponding simulation 







Figure 5.9 Illustration of the formation mechanism of the PZn-2VZn complex in ZnO using 
a ball and stick model. In (a) a perfect ZnO lattice with 4 basal double layers represented, 
(b) the formation of a phosphorus antisite is accompanied with the formation of two zinc 
vacancies and (c) a rearrangement of bond lengths around the antisite. See Ref. 33 for 
more details.  









Figure 5.11 0002 -2 X-ray diffraction pattern of p-type homoepitaxial PZO.  
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Figure 5.12 (a) TEM image of p-type homoepitaxial PZO highlighting a high density of 
short segments of stacking faults. (b) High-resolution micrograph showing the atomic 





Figure 5.13 Temperature dependences of (a) the carrier concentration and (b) the Hall 






Figure 5.14 PL spectra at 12.5 K of (i) bulk ZnO, (ii) heteroepitaxial ZnO deposited on 
(0001) sapphire, (iii) p-type homoepitaxial PZO and (iv) p-type heteroepitaxial PZO. The 




Figure 5.15 PL spectra at 12.5 K of undoped and P-doped ZnO, showing the existence of 
a violet luminescence band at 3.1099 eV in the P-doped sample grown by oxygen 
plasma-assisted pulsed laser deposition.  
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Figure 5.16 (a) Integrated intensity of the DA transition as a function of the laser 
excitation intensity. The triangles are the experimental data points and the solid line is the 
fit using a power law. (b) Energy shift of the DA transition as a function of the excitation 
intensity. (c) Power dependence of the DA transition on the phosphorus concentration. 
The triangles are experimental data points and the solid line is the fit using a power law. 
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Figure 5.17 Temperature dependence of the DA transition. The triangles are the 




Figure 5.18 Evolution of the luminescence of P-doped ZnO as a function of the annealing 









 A light-emitting device (LED) is a p-n junction that spontaneously emits light 
under a suitable forward bias. Forward bias conditions promote hole injection into the p-
type side and electron injection into the n-type side. The recombination of minority 
carriers results in near band gap light emission. The internal quantum efficiency 

int 
depends on the radiative (

r ) and non-radiative (








1   nr
1
 (6.1) 
The lifetimes depend on the minority carrier diffusion lengths and their scattering at 
crystal defects, surface traps or deep levels. Minority carrier injection can be improved 
when band gap engineering is used to confine carriers at the p-n junction interface. For 
that reason, heterojunctions offer an interesting alternative to homojunctions despite their 
higher defect density. In addition, the wide gap material of an heterojunction does not 
reabsorb photons emitted by the active layer in the narrow gap material, thus improving 
the light extraction efficiency.  
Due to the lack of conductive p-type material, most ZnO-based LEDs are 
heterojunctions, using ZnO as the electron injector and a different material as the hole 
injector. For example, Ohta et al. fabricated ultraviolet LEDs and detectors using n-type 
ZnO and a variety of p-type transparent conducting oxides (SrCu2O2, NiO and ZnRh2O4) 
as hole injectors.
203-207
 Heterojunctions formed between n-type ZnO and p-type Si 
substrates have been widely investigated by Im et al.208-211 Alivov et al. fabricated n-
ZnO/p-GaN heterostructures emitting at 430 nm.
212
 Taking advantage of the small lattice 





 The junction, emitting at 389 nm under forward bias conditions, 
had a turn-on voltage of 3.2 V, a low leakage current and operated at temperatures up to 
500 K. Light emission at 389 nm has recently been reported in a p-GaN/p-AlGaN/n-
ZnO/n-MgZnO triple heterostructure operating at temperatures up to 650 K.214 Greenish-
white emission has been observed in a p-CuGaS2/n-ZnO heterojunction.
215
 More recently, 
Rogers et al. reported electroluminescence at 375 nm in an n-ZnO/p-GaN/Al2O3 LED.
216
  
 Yet, the most promising ZnO LEDs so far are homojunctions and were fabricated 
by two hybrid growth methods. The first method alternated low-temperature growth and 
in situ rapid annealing.73 The so-called repeated temperature modulation technique was 
used to enhance the solubility of nitrogen while fabricating high-quality p-type epitaxial 
films.
 
The resulting ZnO diode was electroluminescent at 430 nm under 20 mA with a 
turn-on voltage of 9 V. The second p-n junction consisted of an active layer composed of 
seven quantum wells, with undoped ZnO and BeZnO forming the well and barrier layers 
respectively.
74
 The diode emitted two bands between 360 and 390 nm as well as a broad 
defect-related band at 550 nm and had a turn-on voltage of 10 V. The luminous efficacy 
(or how many lumens per Watt) of these two diodes was however not measured. 
 In this chapter, we present our efforts to fabricate ZnO p-n homojunctions using 
the p-type material developed in chapter 5 and discuss practical issues relevant to 
homoepitaxial growth and p-i-n diode fabrication. The properties of ZnO single-crystals 
manufactured by various processes and n-type ZnO doped with various donor dopants are 
studied. Results of p-n homojunction growth and device fabrication are presented and 
some issues pertaining to electroluminescence are discussed. 
  
6.2 ZnO substrates 
 One obvious advantage offered by homoepitaxial growth over the growth on 
(0001) Al2O3 is the reduction of defects induced by the lattice and thermal expansion 
mismatches. However, because the ZnO crystal growth technology is not yet mature, the 
properties of ZnO substrates vary greatly depending on the process used to fabricate 
them. 
 Prior to the growth of homojunctions, the properties of three 11 cm
2
 Zn-face 




S2  designate crystals grown by 
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the hydrothermal solution method while 

S3  refers to substrates fabricated by a 
pressurized melt growth process.
217
 Figures 6.1(a)-(c) show the symmetric 0002 rocking 
curves of these crystals. 

S1 produces the narrowest curve with a full-width at half-
maximum (FWHM) of 34 arcsec. Curvature measurements (

2 -scans along directions 
parallel to the edges) showed almost no curvature. The FWHM of 

S2  was 36 arcsec. 
Several measurements of 

S3  revealed a large scatter in the rocking curve linewidths. 
Most samples were characterized by a 3-4° miscut parallel to the basal plane and showed 
various tilt boundaries with a relative misorientation in the range of 0.02-0.05°. Some 
samples were similar to polycrystals. Note that the half-width of the rocking curve was 
on the order of 0.1° 
 The surface readiness for homoepitaxial growth was studied by atomic force 
microscopy. As seen in Fig. 6.2(a)-(c), no step and terrace structures were observed in as-
received substrates, consistent with other reports.
31
 Yet, most substrates had relatively 
smooth surfaces with root-mean-square roughnesses on the order of 2 Å. The chemico-




S2 . The surface of 

S3  was the most irregular, 
sometimes with visible damage and defects. Note that the surface of each substrate was 
systematically treated prior to growth by a 30 minute-anneal in vacuum at 800 °C.  
 The electrical properties at 300 K are summarized in Table 6.1. The substrates 
grown hydrothermally are always semi-insulating, possibly because of the compensation 
induced by group-I elements. Group-I elements are residues of the growth solvent and 
behave as deep acceptors in ZnO.
181
 Recent reports have shown that these substrates 
become n-type with electron concentrations on the order of 1016 cm-3 after thermal 
annealing above 1100 °C in O2.
31
 Despite poor surface and crystalline properties, 

S3  was 
n-type conductive and suitable for top-to-bottom contacting.  
 Figure 6.3 compares the near-band-edge photoluminescence at 10 K of the 
substrates. The observation of free-excitonic transitions and the sharpness of bound 
excitons are taken as an indication of material optical quality. We therefore conclude that 







6.3 Homojunction fabrication 
 Three elements (Al, Ga and P) were investigated as potential n-type dopants in 
ZnO. The donor-doped layers were grown at a rate of 1 Å per second on a 150 nm-thick 
ZnO buffer layer deposited at 600 C in 2.710
-4
 mbar O2. The n-type layers had a 
thickness of 0.9-1.1 m.  
The first homojunction was fabricated by depositing an n-type PZO layer at 800 
°C on both Al2O3 and 

S3  substrates and a p-type PZO layer grown at 600 °C atop the n-
type layer. The homojunction was then annealed in O2 at 600 °C. Figure 6.4 shows the 
corresponding I-V characteristics of the n-type layer (curve a), p-type layer (curve b) and 
p-n junction on sapphire (curve c) and on ZnO (curve d). The Shockley diode equation 








)1)  (6.2) 
where 

is is the saturation current and 

  is the ideality factor. By fitting the linear segment 
of the curve under positive bias, we obtained a turn-on voltage of ~6.5 V and an ideality 
factor of 

=1.70.2. The threshold is relatively large possibly because of the low level of 
hole conduction in the p-type layer. It should also be noted that above the threshold, the 
current does not increase exponentially with the bias voltage but is limited by a resistance 
of about 30 . This resistance is on the same order as that across the electrodes of the n-
type layer, suggesting that its current spread resistance limits the current. Note that a 
conductive ZnO substrate in place of the n-type layer would reduce this resistance and 
considerably simplify the device structure. The junction had a breakdown voltage of 13 V 
with a leakage current that increased slightly under increasing reverse bias. Finally, in 
order to study the stability of the p-n junction, the I-V characteristics across the 
homojunctions were measured after four and eight months (curves e and f). The 
measurements show that the p-n junction behavior did not change within the eight-month 
period.  
 As discussed in chapter 5, phosphorus-doped ZnO layers deposited at 800 C on 
ZnO-buffered (0001) sapphire are characterized by a severe surface roughening due to 
the segregation of phosphorus to the surface. Besides, these layers exhibit relatively 
broad excitonic transitions and impurity-dominated conduction. 
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 Group-III elements can be thought as excellent alternatives to P for n-type doping 
of ZnO. Al suffers from its high reactivity, which in some processes such as molecular 
beam epitaxy can cause oxidation of the aluminum source during growth.
218
 Rapid 
diffusion of Al to the surface of ZnO films heteroepitaxially grown on Al2O3 above 650 
C was observed by SIMS. Growth at lower temperatures resulted in large X-ray and PL 
broadening, therefore these layers were not further studied for homojunction application. 
The size mismatch between Ga-O (1.92 Å) and Zn-O (1.94 Å) bonds is small, therefore 
substitution of Ga to the Zn site should result in a smaller lattice deformation than that 
induced by In-O (2.1 Å) or Al-O (1.8 Å). A 0.1 wt. % Ga2O3-doped ZnO target was used 
for the growth of Ga-doped ZnO films. The layers were deposited at 780 C.  
 The requirements for homojunction applications include a smooth surface, an 




, a large transmittance to minimize photon absorption 
and a low density of threading dislocations propagating to the interface with the next 
layer. The surface of n-type Ga-doped ZnO was typically granular with spherical grains 





/Vs and n= 51018 cm-3. We measured 
rocking curve half-widths for (0002) and 

(1012)  of 0.067 and 0.217, corresponding to 




 range. Finally, the 12.5 K photoluminescence 
spectrum of Ga-doped ZnO was dominated by three donor-bound excitons, with the 
deepest donor being the most intense, thus implying that it is directly related to Ga. Note 
that a higher Ga concentration resulted in a significant X-ray broadening and a decrease 
of the NBE/DL intensity ratio, possibly because of the generation of doping-induced 
defects, or local clustering of Ga dopants. 
 The interface between the n-type layer and the p-type layer was affected by the 
formation of droplets. 100 nm-scale droplets of hexagonal shape were observed and their 




 at most without careful 
target preparation). It is standard to polish the target to improve on the stability of the 
plume during growth and avoid effects of splashing induced by surface ripples and cones. 
Yet, this polishing step generally introduces impurities, hence the need to ablate the 
target prior to growth, which inevitably results in new surface modification. For 
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multilayer growth, it was thus critical to systematically polish the targets and minimize 
the duration of the pre-ablation step.  
 The p-type layers were grown following the procedure outlined in chapter 5. An 
important parameter to decide is the thickness of the p-type layer. For simple 
homojunction structures fabricated without patterning, the thickness of the p-type layer 
should be relatively small in order to avoid photon re-absorption, yet it should be thick 




NA  where 

ND  is the donor level density in 
the n-type layer and 

NA  is the acceptor level density in the p-type layer, the depletion 
width 


























 is the intrinsic concentration of ZnO. Figure 6.5 shows the 
dependence of the depletion width on the electron concentration of the n-type layer. It 




, which is that of the n-type 
layer employed in this study, the thickness of the p-type layer should be at least 170 nm. 
Note that another approach is to directly grow the p-type layer on the sapphire substrate 
and then grow an n-type layer atop. However, issues of contact resistance and process 
prevent the realization of such device. 
 
6.4 Issues pertaining to electroluminescence 
 Figure 6.6(a) is a schematic cross-section of the device structure while Fig. 6.6(b) 
is an optical micrograph of the real device structure. The diameter of the outer ring is on 
the order of 50 m. Despite the good I-V characteristic and stability of the junction 
shown in Fig. 6.4, no electroluminescence (EL) was observed at room temperature. The 
hole concentration in the p-type layer may not be high enough (<1018 cm-3) to turn on any 
near-band-edge emission. Secondly, the role of crystal defects on the device performance 
is critical. The leakage current in junctions grown on sapphire is slightly larger than on 
ZnO highlights the detrimental effect of crystal defects such as threading dislocations on 





) of threading dislocations in the p-type layer provides radiative recombination traps, 
especially since the dislocation spacing, as small as 3 nm in some areas, is much less than 
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the minority carrier diffusion length in p-type ZnO, which is typically 0.5-1 m.219 In 
particular, the low luminescence yield at 300 K of the p-type layer in the device, shown 
in Fig. 6.7 in comparison with that of homoepitaxially-grown undoped ZnO, is possibly 
the major reason why no electroluminescence has been observed. 
 For the junctions grown on ZnO substrates, the low-angle tilt boundaries observed 
by X-ray diffraction at the surface of the substrate act as leakage paths. In addition, the 
mobility of dislocation loops upon application of a bias may also degrade the p-n 
junction, as observed in ZnSe-based devices.
220
 In P-doped ZnO, the acceptor complexes 
responsible for the p-type conductivity are stabilized in the vicinity of the lines of the 
partial dislocations and may be destabilized by their motion.  
 
6.5 Conclusions  
 Though the rectifying characteristic of ZnO homojunctions confirms the p-type 
behavior of the P-doped epilayers, the achievement of electroluminescence is challenging 
based on the above process-related issues. Another issue comes from the necessity to 
dope ZnO heavily to achieve p-type conductivity. The high density of crystal defects such 
as dislocation loops provides radiative recombination traps. One approach to improve on 
the hole concentration of p-type P-doped ZnO is to rely on band gap engineering and use 
(MgO-P2O5) co-doped ZnO targets. Another possibility is to fabricate type-I 
heterostructures using Ga-doped ZnO as electron injector and a hybrid p-type oxide. 
These approaches will be described in chapter 8.  
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Figure 6.1 0002 -scans of the (a) S1, (b) S2 and (c) S3 ZnO crystals. Note the large 






Figure 6.2 22 m
2 
AFM scans of the as-received surfaces of the (a) S1, (b) S2 and (c) S3 















Figure 6.3 Comparison of the NBE photoluminescence at 10 K of the ZnO substrates. 
Note the broader excitonic transitions and the higher background level in S3. 
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Figure 6.4 (a) Comparison between the I-V curves of p-n junctions grown on sapphire 
(dashed line) and ZnO (solid line). (b) I-V characteristics of a) Ti/Au contacts on the 
bottom n-type PZO layer and b) Ni/Au contacts on the top p-type PZO layer. c), d) and e) 
The rectifying I-V characteristics of the corresponding p-n homojunction grown on ZnO 





Figure 6.5 Depletion width of the p-type layer as a function of the electron concentration 








Figure 6.6 (a) Cross-sectional illustration of the ZnO-based p-n homojunction. (b) Top-
view of the mesa device. The outer ring provides two bonding pads for bottom contacting 



















Figure 6.7 NBE photoluminescence spectra at 300 K of the p-type layer grown on top of 








 This thesis focused on the relationships between the microstructures and the 
optoelectronic properties of p-type ZnO epilayers. The objectives were to fabricate p-type 
ZnO material, understand the role of crystal defects on the onset of p-type conductivity 
and explore the potential of p-type ZnO for light-emitting diode applications. The 
following conclusions are drawn. 
  
7.1 Effect of doping on the microstructure of ZnO 
 Doping ZnO with acceptors to achieve p-type conductivity increases the density 
of crystal defects. In heteroepitaxial films doped with phosphorus, the low diffusivity of 
the phosphorus atom and its large size mismatch with host atoms result in a considerable 
increase in the density of threading dislocations. A similar conclusion was drawn for Sb-
doped ZnO films.
221
 In homoepitaxial films, the primary defects are interstitial 







) result from the precipitation of excess zinc interstitials which form in order to 
balance the loss of zinc vacancies complexed with PZn. Two zinc vacancies and an 
antisite, the latter being most likely located in the vicinity of the partial dislocation lines, 
can stabilize shallow complex acceptors, resulting in p-type conductivity after a post-
growth annealing in oxygen. When an oxygen plasma is used during growth, the 
dominant acceptor is the zinc vacancy. The complex formation is thermodynamically not 
favorable. The films remain n-type because the zinc vacancy is too deep to overcome the 
electron concentration induced by native defects and phosphorus antisites. In 
heteroepitaxial films doped with nitrogen, the solubility of nitrogen is limited by the 
substrate temperature, which affects the stability of the Zn-N bond. The columnar grains 
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in samples grown at low temperature result from the high density of Zn-N clusters at the 
growth front and the limited surface diffusion. These grains can pin the nitrogen atoms at 
their boundaries, hence the uniform nitrogen depth-profile.  
 
7.2 Effect of doping on the optoelectronic properties of ZnO 
 The optical and electrical properties of ZnO are very sensitive to minute 
concentrations of impurities. The transition at 371.5 nm and the red band at 640 nm in p-
type phosphorus-doped ZnO involve the PZn-2VZn acceptor level. When an oxygen 
plasma is used during growth, the photoluminescence features a strong but deep donor-
acceptor transition. Despite the quasi elimination of threading dislocations in 
homoepitaxial phosphorus-doped ZnO samples, the near-band-edge luminescence is still 
quenched. The crystal defects such as dislocation loops or the point defects gettered at 
these crystal defects introduce deep and strongly localized transitions (Y-lines) at 372-373 




) with phosphorus quenches the near-band-edge 
luminescence due to the doping-induced non-radiative recombination centers 
 Heavy doping results in degenerate electrical behavior, as observed in n-type 
nitrogen-doped ZnO. Ionized impurity scattering dominates in non-stoichiometric layers 





. The conductivity type results from the interplay between doping-induced 
crystal defects and native point defects. Without O2 plasma, phosphorus doping induces 
crystal defects that can stabilize shallow acceptors with the aid of a native acceptor (VZn). 
Annealing helps minimize the concentration of native hole killers. In contrast, when an 
O2 plasma is used, phosphorus doping induces native acceptors (VZn). These are 
compensated by doping-related donors and disappear upon annealing. 
 
7.3 Impact of this work 
 The impact of this work is to offer some understanding of the microscopic effects 
of doping and correlate these effects with the macroscopic properties of ZnO. This work 
addresses fundamental issues pertaining to p-type doping of ZnO and proposes solutions 
to tackle these issues. For example, in chapter 4, the low nitrogen solubility issue was 
overcome by developing a one step process that produced epitaxial p-type material of 
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reasonable quality. Evidence was brought that phosphorus is an amphoteric dopant in 
ZnO and a mechanism explaining the role of defects on the formation of acceptors was 
proposed. While donor defects form spontaneously, the formation of shallow acceptors 
results from the interactions between PZn donors, VZn native acceptors and dislocations. 
Finally, the realization of simple ZnO devices was explored by developing a process to 
fabricate mesas. Practical issues against electroluminescence, which are of interest to 
researchers developing ZnO-based homojunctions for LED applications, were discussed. 
While the P-doped ZnO epilayers studied in chapter 6 show stable p-type conductivity 
(p~1017 cm-3), defect-mediated transport and luminescence quenching induced by crystal 
defects such as dislocation loops and threading dislocations reduce the internal quantum 





Future Work Recommendations 
 
 
8.1 Band gap engineering in the low doping limit 
 One obvious way to verify that doping introduces acceptors is the observation by 
photoluminescence of donor-acceptor transitions. Donors are so shallow in ZnO (30-65 
meV) that the energy position of the donor-acceptor transition determines how deep the 
energy level of the acceptor is. An interesting question is whether or not it is possible to 
experimentally “shift” the donor-acceptor transition towards smaller wavelengths. In the 
case of phosphorus doping, our results show that acceptors are shallower when growth is 






 Therefore, it is of interest to 







 It is experimentally almost impossible to predict the recombination energy of a 
DA pair. Band gap engineering can however be used to increase the energy separation 
between the conduction band edge and the Fermi level pinning energy. Band gap 
engineering can be done via dilute alloying with BeO or MgO gap.
17,18
 In the case of 
MgO, a 30 at. % solubility limit has been reported. Because it is the competition between 
donors and acceptors in P-doped ZnO that accounts for the difficulty to obtain p-type 
conductivity, band gap engineering may be a reliable method to maximize the ionization 
energies of donors (ideally so that 





. Note that band gap engineering is an important step in device 
fabrication because it can be used for minority carrier confinement for improved 





8.2 Epitaxial growth on alternative substrates for increased functionality 
 8.2.1 Epitaxy in non-polar directions 
 Recent groundbreaking reports
10
 of enhanced LED efficiency stimulate the 
growth of devices and epilayers in a non-polar direction in order to avoid the scattering 
effects of spontaneous and piezoelectric polarization fields on excitons (Stark effect), 
which limit the luminous efficiency. The growth of ZnO layers and devices in a non-
polar direction sapphire (such that the ZnO layer grows with its c-axis in the plane) is 
therefore of technological interest. For example, transverse acting devices such as surface 
acoustic wave devices should be more functional when the ZnO layer grows in a non-
polar direction. The [0001] axis of the ZnO wurtzite structure is anisotropic and polar. 
Any direction orthogonal to [0001] does not carry any spontaneous polarization. 
Piezoelectric polarization can itself be minimized by reducing the strain in the epilayer. 
 In analogy with the growth of epitaxial GaN on (100) LiAlO2,
122
 it should be 
possible to grow epitaxial and single-crystalline ZnO on tetragonal LiAlO2 with 
2
(1100) / /(100)ZnO LiAlO . However, such material may suffer from the thermal instability of 
Li at elevated temperatures. While ZnO epitaxy is possible, the non-controllable 
migrations of Li and Al into the ZnO layer would be significant issues against high-purity 
epitaxial growth. 
 
 8.2.2 Epitaxy on YSZ and Si 
 It is worth mentioning about the epitaxial growth of ZnO on Y2O3-ZrO2 (YSZ). 
YSZ crystallizes in the CaF2-structure (space group Fm3m) with a lattice parameter 
YSZa =5.1347 Å. When (0001) ZnO grows on the (111) surface of YSZ, the lattice 
mismatch is ~-10.6%. This number is unfortunately still relatively large and should result 




 or more in the epilayer. While YSZ offers 
similar properties to Al2O3 in terms of transparency and chemical robustness, its unique 
advantage comes from its atomically flat surface  
 Though Al2O3 and SiC are substrates of choice for ZnO epitaxy, the applicability 
of ZnO devices into the microelectronics industry calls for the growth on Si. Growth of 
device-quality ZnO epilayers on Si can be challenging because of the large lattice and 
thermal expansion mismatches with the substrate, and the resulting tensile strain in the 
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epilayer. Yet, single-crystalline ZnO films have seldom been achieved
222-224
 and other 
issues such as crack formation upon post-growth cooling and complicated multi-step 
buffer layer processing also exist. Novel rare-earth intervening layers can be developed to 
achieve the fabrication of single crystalline, crack-free, epitaxial (0001) ZnO films grown 
on (111) Si substrates using intervening epitaxial Lu2O3.
225
 While most devices are 
grown on the (100) face of Si, the choice of (111) Si is dictated by the crystal structures 
of Lu2O3 and ZnO. The lattice mismatch between [1210]  ZnO and [110]  Lu2O3 is 11.4 
%, which is smaller than that between ZnO and Si. Lu2O3 epilayers with excellent 
crystallinity (9 arcsec for the rocking curve of 220 Lu2O3) can be grown on Si by 
molecular beam epitaxy. Other rare earth oxides such as Sc2O3 or Gd2O3 can be selected 
to further improve on the epitaxial quality of the ZnO films. Sc2O3 has a 6.6% lattice 
mismatch with ZnO and a 9.4% mismatch with Si, while Gd2O3 has a 15% mismatch 
with ZnO and a 0.4% with Si. It may be possible to reduce the phosphorus concentration 
in order to achieve p-type conductivity and improve the luminescence yield in ZnO, 
simply because the crystallinity of ZnO/X2O3/Si layers (X=Gd, Lu, Sc) surpasses that of 
ZnO/Al2O3 layers. One requirement, however, is to reduce the electron concentration in 
undoped ZnO/X2O3/Si layers. 
 With the growth of epitaxial ZnO on Si made possible, new applications open up, 
and in particular, the fabrication of p-n homojunction devices on Si. Using the processing 
route discussed in chapter 6 for p-type P-doped ZnO, it should be possible to grow 
epitaxial p-n junctions on (111) Si. One issue to address, however, is the small critical 
thickness before cracking in ZnO occurs, which for a growth on Lu2O3/Si at 600 °C has 
been estimated to be about 600 nm.
225
 This obstacle can be overcome by reducing the 
thickness of the n-type layer to about 300 nm; that of the p-type layer should at least 
exceed the thickness for depletion (~200 nm depending on the electron concentration in 









A.1 Lattice parameters and strain 
 XRD in the glancing incidence geometry is a powerful technique to accurately 
determine the lattice parameters, percentage of relaxation and strain state in epilayers 
grown on substrates.  
 In all of the following, the subscript “s” refers to the substrate while the subscript 
“l” refers to the epilayer. 





l  the Bragg angle of the epilayer for an 

hkh kl plane. 
 Let 

l  the inclination angle between the 

hkh kl plane and the 0001 surface 
plane of the epilayer. 











The interplanar spacing 




















































































(tan2(l ) 1)  (A.5) 

















h2  k 2  (A.7) 
Under the assumption that the layer is fully strained, the strain along the c- and a- axes 










Under the biaxial strain approximation, the Poisson ratio 







1  (A.9) 
A.2 Reciprocal space mapping 




  and the 
incremental axis is 

. The data is collected in a square grid in reciprocal space and 
allows to distinguish between tilt and strain. In the hexagonal lattice, the reciprocal 
vectors can be expressed as: 
 















h  k  0) X-ray diffraction can only determine lattice variations in the 
perpendicular direction of the sample surface. However, an asymmetric reciprocal space 
map gives information on both the in-plane and out-of-plane lattice constants. In the 
triple-axis geometry, the contributions of tilt and strain can be separated.  
As an example, considering an asymmetric reciprocal map around the 

1124 reflection, 














It is convenient to plot the 

1124 map against the coordinates of the deviation vector 

Q . 




Qz ) corresponds to a set of lattice parameters 
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Scattering theory in ZnO epitaxial films 
 
 
In this section, we review the principal scattering mechanisms in n-type ZnO, express 
each mobility component in cm
2
/Vs and generalize the equations to p-type ZnO.  
  
B.1 Lattice scattering 
 The localized vibrations of the lattice in the presence of phonons create potential 
fluctuations that scatter free electrons. ZnO is an ionic II-VI semiconductor therefore 
Coulombic potential fluctuations result in polar optical phonon scattering. The 
corresponding mobility 



































  (B.2) 
 Dilation or contraction of the lattice with temperature creates deformation 















 Phonons can also scatter electrons through piezoelectric behavior since ZnO is a 


























B.2 Ionized impurity scattering 
 Carrier scattering by the long range Coulomb potentials created by charged 





























B.3 Dislocation scattering 
 The mosaic structure formed by heteroepitaxial ZnO films epitaxially grown on 
sapphire contains edge-type dislocations. These dislocations create electric fields that 
scatter the free carriers. The corresponding mobility 

























B.4 Theoretical temperature dependence of the mobility 
 The total mobility is obtained by combining the various scattering mechanisms 





















 The fitting parameters are the electron concentration 

n(T) , which is fitted by the 
charge balance equation, the acceptor level density 





B.5 Hole mobility in p-type ZnO 
 The above equations hold for p-type samples modulo the following permutations: 
 

n(T) p(T) (B.9) 
 

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